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HYDRAULIC- AND/OR METABOLIC-SELECTION PRESSURES INFLUENCED 
AEROBIC GRANULATION AND ITS APPLICATION IN                              
ENHANCED BIOLOGICAL PHOSPHORUS REMOVAL (EBPR) 
SUMMARY 
At the first stage of the study, initiation, formation, and progress of aerobic granulation 
in three lab-scale SBRs, which were started up with floccular biomass and operated 
under gradually altered conditions, including different levels of hydraulic-selection 
pressures, was monitored and evaluated. Calculations revealed that shear rates other 
than superficial upflow air velocity (vSair) were of significance. Impact of hydrodynamic 
shear stress on granulation process was studied in the wide-type reactors (HW/D; 1.2), 
which were aerated at the aerobic period and mixed via mechanical mixing at the 
anaerobic phase, thus subjected to extreme (16.6 cm/s), or considerably high shear 
rates (6.5-4.3 cm/s), while the settling velocities were kept at a relaxed level. Impact of 
settling time (or settling velocity, vmin; 12.4-37.2 cm/min) on the granulation process 
was studied in the bubble-column SBR (HW/D; 10.3), where shear rate was kept 
almost constant at a significantly relaxed level (1.71 cm/s). The conclusion was that 
hydraulic pressures promoted initiation and progress of aerobic granulation unless 
extreme conditions were avoided, and metabolic/kinetic selection pressures 
supported the process as long as enough biomass was maintained in the systems, 
yet extreme conditions either prevented initiation- or disturbed stability of granulation. 
Rapid recovery of the relatively stable aerobic granular biomass (SVI< 40-60 mL/g at 
all times) cultivated in the SBBR, after an extreme pH incident, not only in terms of C- 
and P-removal performances (8 days), but also in terms of granule macro-structure (8 
days) and settling properties (2-18 days), was considered as a direct experimental 
evidence showing the merits of working with an aerobic granular biomass. Results 
from microbial community profiling via DGGE and FISH methods, were closely related 
with those reported for initiation and progress of aerobic granulation in the systems. 
The DGGE data clearly showed that evolution of the biomass from floccular form to 
granular state was not only in terms of macro-structure, but also in terms of phylogeny 
related community structure, with the selection of phylogenetically different 
microorganisms with aggregative-preference during the process of granulation.  
At the second stage of the study, the third wide-type SBR was also started-up with a 
floccular biomass and operated for EBPR. Hydraulic selection pressures were 
considerably relaxed in the system, compared to those applied in the SBRs operated 
at the first part of the study, and those reported in the literature. A one-time extreme 
shearing effect at Week10, was the initial physical trigger for aerobic granulation, 
which proceeded gradually by the help of applying a higher aeration rate and a lower 
settling time. Aerobic granulation was further promoted and ensured by applied 
metabolic selection pressures (2-h anaerobiosis, feeding anaerobically for 1 h, influent 
C:P ratios of 15-21.4 mg COD/mg PO4-P, and even as high as 32.1), which also 
ensured proliferation of anaerobically C-storing, aerobically slow-growing and P-
removing PAOs. Reactor operation confirmed the possibility of maintaining a stable 
granular biomass with an SVI < 40-50 mL/g, while securing 95%, 99% and 71% 
removal efficiencies for C-, P-, and N. Microscopic observations revealed a 
morphological diversity, with the dominant population being the rod-shaped PAOs 
with their conventional morphological and phenotypic characteristics. 
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HİDROLİK- VE/VEYA METABOLİK-SEÇME BASKILARI ETKİSİYLE                            
AEROBİK GRANÜLASYON OLUŞUMU VE                                                
BİYOLOJİK AŞIRI FOSFOR GİDERİMİNDEKİ (BAFG) UYGULAMALARI 
ÖZET 
Çalışmanın birinci kısmında, floküler biyokütleyle başlatılan ve değişken işletme 
koşulları altında işletilen laboratuvar-ölçekli üç ardışık kesikli reaktörde, hidrolik-seçme 
baskıları altında aerobik granülasyonun tetiklenmesi, oluşması, ve gelişimi izlenmiş ve 
incelenmiştir. Hesaplamalar, havalandırmadan kaynaklanan hava yukarı akış hızına 
(vSair) ek olarak uygulanan kesme hızı bileşenlerinin de önemli düzeylerde oluduğunu 
göstermiştir. Hidrodinamik kesme kuvvetinin aerobik granülasyona etkisi, aerobik fazda 
havalandırılan ve anaerobik fazda mekanik karıştırıcıyla karıştırılan geniş-tip 
reaktörlerde (HW/D; 1.2) incelenmiş, bu amaçla sistemlerde çökme hızı kaynaklı hidrolik 
seçme baskısı gevşek bırakılırken, yüksek (6.5-4.3 sm/san) hatta aşırı (16.6 sm/san) 
kesme hızları uygulanmıştır. Çökelme süresinin (yani hızının, vmin; 12.4-37.2 sm/dak) 
aerobik granülasyon oluşumu ve gelişimi üzerine etkisi ise kolon-tip reaktörde (HW/D; 
10.3), kesme hızı sabit ve son derece gevşek tutularak (1.71 sm/san) incelenmiştir. 
Varılan sonuç, aşırı düzeylere çıkılmadığı sürece, hidrolik seçme baskılarının aerobik 
granülasyonun oluşumuna ve gelişimine neden olduğu, sistemde yeterince biyokütle 
olması durumunda metabolik/kinetik seçme baskılarının da prosese yardımcı olduğu, 
ancak aşırı kesme hızı durumlarında granülasyonun başlayamadığı, ya da kararlı 
kalamadığıdır. Kolon-tip reaktörde elde edilen göreceli kararlı aerobik granüler 
biyokütlenin, bir pH kazası sonrası, gerek karbon ve fosfor giderme verimleri açısından, 
gerekse granül makro-yapısı ve çökelme özellikleri açısından hızla iyileşmesi (sırasıyla 
8, 8, ve 2-18 gün içinde), aerobik granüler biyokütle ile çalışmanın uygulamadaki 
avantajlarını gösteren doğrudan ve deneysel bir veri olarak değerlendirilmiştir. DGGE 
ve FISH analizleri sonucu elde edilen mikrobiyal popülasyon profillerindeki zamansal 
değişimlerin aerobik granülasyon sürecine paralel olduğu saptanmıştır. Özellike DGGE 
sonuçları, biyokütledeki evrilmenin sadece makro-ölçekte olmadığını –flokküler yapıdan 
granüler hale-, aynı zamanda aggregatif-fizyolojiye sahip ve farklı filogenetik kimliği 
olan miroorganizmaların granülasyon sürecinde seçilmesi nedeniyle mikro hatta 
filogenetik ölçekte de gerçekleştiğini göstermiştir.  
Çalışamanın ikinci kısmında, floküler biyokütle ile başlatılan laboratuvar-ölçekli geniş-tip 
ardışık kesikli reaktörde, ardışık anaerobik/aerobik konfigürasyon ile Biyolojik Aşırı 
Fosfor Giderimi (BAFG) amaçlanmıştır. Bu sistemde uygulanan hidrolik seçme 
baskıları, çalışmanın birinci kısmında uygulananlardan ve literatürdeki değerlerden 
oldukça düşüktür. İşletmenin 10. haftasında münferit bir aşırı kesme kuvveti oluşumu, 
sistemde granülasyonu tetikleyen ilk fiziksel unsur olmuş, havalandırmanın arttırılması 
ve çökelme süresinin azaltıması ile granülasyon süreci desteklenmiştir. Sistemin 
anaerobik karbon depolayan, aerobik yavaş büyüyen ve P-depolayan PAO’larca 
zenginleştirilmesi için uygulanan metabolik seçme baskıları (2 saatlik anaerobik faz, 1 
saat anaerobik besleme, giriş atıksuyunda 15-21.4 ve hatta 32.1 mg KOİ/mg PO4-P), 
aerobik granülasyon sürecini de garantilemiştir. Sonuçlar, üstün çökelme özelliklerine 
sahip (çamur hacim indeksi < 40-50 mL/g) kararlı aerobik granüler biyokütle ile %95 
karbon, %99 fosfor ve %71 azot gideriminin olanaklı olduğunu göstermiştir. Eş zamanlı 
mikrobiyolojik incelemeler, zenginleştirilmiş aerobik granüler BAFG biyokütlesinin 
morfolojik ve fizyolojik açılardan son derece yüksek bir çeşitlilik arz ettiğini, baskın türün 
ise geleneksel morfolojileri ve fizyolojileri ile çubuksu PAO’lar olduğunu göstermiştir.  
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1. INTRODUCTION 
1.1 Historical Background, Significance of, and Need for the Study 
Current and forecasted shortage in energy supply translating into significant and 
unavoidable rises in energy costs, together with introduction of more stringent 
effluent quality/discharge standards for a more effective protection of natural 
resources have called for wastewater treatment (WWT) alternatives more efficient, 
in terms of energy costs, land requirements and removal efficiencies, than the most 
frequently exercised conventional aerobic suspended activated sludge processes. 
Consequently, scientific research with an objective of providing answers to these 
real-world constrains intensified at the 70’s on anaerobic WWT alternatives, and 
resulted in realization of a new era in the field of biological WWT, with an emphasis 
on anaerobic processes upholding significant advantages over aerobic suspended 
biomass systems, which need considerably high energy inputs for transfer of oxygen 
to the systems, have high biomass production demanding for larger volumes -thus 
land- for aeration tanks and secondary clarifiers, and involve elevated costs due to 
need for treatment of high surplus biomass generated. Implementation of 
reactor/operational configurations, i.e. Upflow Anaerobic Sludge Blanket Reactor–
UASB configuration, facilitating retention of significantly elevated amounts of 
biomass inside the reactor due to the consequence of the anaerobic micro-
organisms being self-immobilized/aggregated to grow into fast-settling biological 
granules with excellent settling properties and high compactness, thus not only 
resulting in superior biomass-liquid separation without the need for a secondary 
clarifiers, but also enabling treatment of high-strength wastewaters and removal of 
high COD loads within considerably smaller reaction volumes, translated into an 
even more feasible WWT alternative with decreased capital and operational costs. 
Since then, Granular Activated Sludge (GAS) technology has found a wide 
application area all around the world and has become one of the prime examples of 
application of engineering solutions, supported by a comprehension of microbial 
behaviors, providing an optimization to overcome economical constrains of 
biological wastewater treatment applications while meeting the required 
environmentally safe standards. 
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Despite of all of the abovementioned advantages of anaerobic granular biomass 
systems, factors like long start-up periods (2-4 months) due to considerably low 
growth rates of anaerobic microbial consortia, high operational temperatures to 
support mesophilic-growth or thermophilic-growth, high sensitivity to changes in the 
substrate loading rates, unsuitability for treatment of relatively low-strength waste 
streams, and low performance in efficient biological nutrient removal, have been 
determined as the shortcomings of the these systems. Observation of granulation in 
fully-aerobic or anoxic-aerobic sequencing batch reactors in the 90’s revealed that 
granulation is not a characteristic exclusively restricted to anaerobic processes, thus 
given rise to the possibility of realizing microbial granulation in aerobic systems, 
while providing solutions to overcome the abovementioned drawbacks of the 
anaerobic granular biomass systems through possibility of decreasing the time 
required for start-up due to the relatively faster metabolism (higher growth rates) of 
aerobic microorganisms, eliminating the need to provide high operational 
temperatures and strictly-controlled closed reaction volumes owing to the fact that 
aerobic metabolism efficiently function at the higher-end of psychrophilic- (typical 
range: -10 to +30 oC, optimum range: +12 to +18 oC) and the lower-end of 
mesophilic- (typical range: +20 to +50oC, optimum range: +25 to +40oC) conditions 
corresponding to acceptable ambient temperatures, relaxing the sensitivity to 
fluctuations in substrate loadings, possibility of treating relatively low-strength 
wastewaters as a side-effect of the natural requirement of applying wastewaters to 
the aerobic systems with a strength relatively lower than that applied in anaerobic 
alternatives to prevent biomass overloading and substrate inhibition in the former, 
since the amount of biomass to be retained in the aerobic systems is to be less than 
that attained in the anaerobic ones, and finally but with crucial importance, 
possibility of realizing an efficient nutrient removal in aerobic granular biomass 
systems due to natural consequence of aerobiosis supporting the nitrification 
processes and eliminating eventual anaerobic biological phosphorus release. 
Moreover, possibility of attaining excellent biomass settling properties and high 
compactness, superior supernatant-biomass separation, high mixed liquor 
suspended solids (MLSS) concentrations, and ability to meet high loading rates in 
aerobic granular biomass systems in comparison with the extents offered by aerobic 
suspended activated sludge systems, adds up to the advantages of the former, 
unveiling the possibility of decreasing either the time or the volume required for 
realizing the desired efficiencies of targeted biological conversion processes, which 
eventually translates into reduced reactor foot-prints and use of lower-capacity 
mechanical equipment, hence decreased capital-, operational-, and maintenance-costs. 
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Concomitantly, in the 90’s early studies on aerobic granulation concentrated on 
identifying the parameters of significance with respect to this process and 
determining the extent of their influence on initiation and formation of aerobic 
granular biomass. Parameters assessed in these studies were reactor geometry and 
operational configuration, settling time, shear stress in terms of superficial upflow air 
velocity, volumetric organic loading rate, and type of C-source. After constructing the 
basis for this new process to some extent, research focus has recently been 
directed towards application of aerobic granular biomass processes for more 
specific cases like for treatment of some certain industrial wastewaters, for 
elimination of xenobiotics, i.e., phenol, and in the field of biological nutrient removal. 
The latter is of great significance with respect to providing even further optimization 
of and feasibility for full-scale biological wastewater treatment applications due to 
the following factors: each granule may act as an individual bio-reactor, where 
biomass is not diluted with the bulk liquid, thus the actual active microbial 
concentration is amplified to a great extent, and microorganisms are located at 
extremely close proximity with each other promoting an efficient way of living and 
functioning through syntrophic interactions, as exemplified in facilitation of 
simultaneous nitrification and denitrification (SND) processes. Requirement of 
applying low dissolved oxygen levels to ensure acceptable denitrification efficiencies 
in the SND process, also calls for optimization of the system with respect to aerobic 
granular biomass structural stability through lowering the overall growth rates in 
these systems via selecting for slow-growing microorganisms. This can be realized 
via introduction of the C-source to the system under anaerobic conditions to force 
the total reflux of C-source away from direct growth metabolism towards C-storage 
mechanism, eventually resulting in growth on reduced intracellular C-storage 
materials at lowered rates. An additional but crucial advantage -with respect to 
environmental engineering applications- of such an operational configuration is the 
possibility of Enhanced Biological Phosphorus Removal (EBPR), if desired. 
Eventually, the decrease in overall aeration requirement not only due to limiting the 
growth metabolism solely to a famine phase and thus decreasing the time or volume 
devoted for aerobic conditions, but also the need to apply lower oxygen 
concentrations during the time- or in the volume-devoted for aerobiosis to optimize 
SND processes, means that such systems need less aeration, thus can compensate 
use of lower-capacity blowers, translating into reduced capital-, operational-, and 
maintenance costs. Moreover, supplement of the external C-source in the absence 
of an external terminal e-acceptor, thus absolute elimination of a real feast-phase, 
relaxes the constrain of applying a high initial substrate concentration (a high initial 
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volumetric substrate/biomass loading, or either a temporal or spatial bulk liquid 
concentration gradient) in the reactor to promote C-storage, and enables feeding the 
system at a lower rate, which has two important economical and operational 
consequences: the need for an equalization tank required to collect the incoming 
influent prior to its supplement to the system at a pulse-feeding mode is discarded, 
and the size/number of influent pumps required to meet a high pumping capacity in 
case of pulse-feeding is significantly reduced. Finally, the natural consequence of 
selecting for slow-growing, C-storing (and if desired P-removing) microorganisms for 
optimization of the system both with regard to targeted efficiencies of biochemical 
conversion processes and also to aerobic granular biomass structural stability, is 
ending up with a microbial community with lower net growth yields, and thus less 
biomass production and reduced amounts of surplus biomass to be wasted daily 
from the system and to be pumped to down-stream applications of sludge treatment. 
Concurrently, reduced surplus biomass enables working with smaller sludge pumps 
and brings a decrease in capital-, operational-, and maintenance-costs of sludge 
treatment.  
As a consequence of all of the abovementioned points, scientific research has been 
intensified on finalizing the construction of the basis of the process both with respect 
to engineering applications and to microbial characteristics, and also has 
concentrated on refining the aerobic granular biomass applications in relation with 
specific needs and real-world demands. The scientific data from these efforts are 
expected to provide the support for establishing the bench-mark for the recently 
addressed aerobic granular biomass process, which has been evolving into being 
an emerging and promising biological wastewater treatment technology. 
1.2 Objectives and Scope of the Current Study 
In consent with the most recent objectives of research on aerobic granular biomass 
systems, this current PhD dissertation is devoted for dissemination of the outcomes 
from a long-term lab-scale experimental study with two main objectives: (i) first half 
of the study was dedicated to evaluate initiation, formation, and progress of aerobic 
granulation in relation with the hydraulic-pressures and metabolic/kinetic-selection 
pressures applied to the biomass cultivated in three lab-scale sequencing batch 
reactors (SBR); (ii) second half of the study was dedicated to explore the possibility 
of sustaining aerobic granulation in an Enhanced Biological Phosphorus Removal 
(EBPR) system.  
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Since aerobic granular biomass process is an emerging alternative, which has been 
recently introduced to the WWT field, a detailed literature survey is provided to the 
audience of this current PhD dissertation. Factors used as indicative parameters for 
granulation are described in details and the “selection-theory” is outlined at an 
introductory level at the general literature survey section, together with descriptions 
of the parameters/factors related with hydraulic- and metabolic/kinetic-selection 
pressures. Correlation between microbial community structure/function and 
preference of growing into an adhesive/aggregative physiology is exemplified 
through the “Biofilm-Case” also in the first half of the Literature Review Chapter 
(Chapter 2), in an attempt to root the aerobic granulation phenomenon with respect 
to microbial characteristics and behavior, via reflecting the outcomes reported in the 
literature on who-, why-, and how-to grow in adhesive-aggregative physiology.  
At the second half of Chapter 2, a comprehensive literature survey on aerobic 
granulation, both with an engineering perspective and from a microbiological point of 
view, is provided. First, several studies on aerobic granulation, including the 
fundamental and the recent works, were selected, grouped and evaluated. Changes 
in indicative parameters of granulation reported in these studies are assessed to 
clarify the role and/or significance of different operational conditions on formation 
and stability of aerobic granular biomass. Second and after briefly discussing the 
importance of culture-independent studies and application of advanced molecular 
biological techniques, especially in the field of biological WWT, a mini-review of the 
literature on microbial community structure and function in aerobic granular biomass 
systems, determined by application of advanced molecular techniques, is given.  
Literature review on EBPR is provided in Chapter 3, with an introduction to the 
principles of the EBPR mechanism, then review of studies on modeling effort of the 
EBPR phenomena. Conventional microbiology of EBPR is reviewed in Chapter 3 
with an emphasis on morphological and phenotypic characteristics of the 
populations observed in systems, where EBPR is realized through cycling of the 
intracellular storage polymers. Finally, review of selected works on phylogeny and 
molecular eco-physiology of the populations detected in EBPR systems is also 
provided in this chapter.  
Prior to start of reporting the results of this current study, general features of reactor 
configuration and operational strategies are outlined in Chapter 4; Materials and 
Method. Materials used and procedures followed for monitoring the indicative 
parameters of aerobic granulation (i.e., average granule size, cell surface 
hydrophobicity, Extracellular Polymeric Substances) are described in details. 
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Detailed information regarding the advanced molecular methods (preliminary steps 
and protocols of advanced molecular methods, including sampling, pre-treatment, 
fixation, and/or storage of samples for DGGE or FISH applications, isolation of 
genomic DNA, PCR amplification of the V6 and V8 regions of the SSU rDNAs, 
DGGE of the PCR amplicons, hybridization, washing, and preservation steps, 
control reactions in FISH applications, visualization of FISH results by CLSM, 
approach used for quantification) are provided in Chapter 4 and in Appendix A. 
Finally, materials and methods for conventional microbiological analyses of the 
EBPR biomass with respect to morphological and phenotypic characteristics are 
briefly summarized in Chapter 4.  
Chapter 5 of this current PhD dissertation is dedicated to dissemination of the 
results and discussions derived from the lab-scale experimental study devoted for 
realization of the first objective of this PhD study. Different than the previous studies 
reported in the literature, and in an attempt to describe the SBRs more 
comprehensively in terms of total hydrodynamic shear stress that the biomass 
experienced due to operational configuration and conditions of the systems, shear 
rates originating not only from aeration (superficial upflow air velocity) but also from 
other sources, especially from mechanical mixing during anaerobic and/or aerobic 
periods, are also calculated and taken into account. Parameters related with 
metabolic/kinetic selection pressures are also defined and used for all evaluations. 
Initiation and progress of aerobic granulation, as well as COD and P-removal 
performances of the systems operated with different levels of hydraulic and 
metabolic/kinetic selection pressures are evaluated in details in this chapter. At the 
closure of Chapter 5, microbial community composition and dynamics during 
formation and progress of aerobic granulation in three SBRs, monitored via 
application of two of the advanced molecular techniques, being Fluorescent In Situ 
Hybridization (FISH) and Denaturing Gradient Gel Electrophoresis (DGGE), which 
have been frequently used to identify, quantify, and monitor microbial populations, 
and to determine microbial community profiles in activated sludge system, are 
presented and evaluated.  
Results derived from the lab-scale experimental study dedicated to realize the 
second objective of this PhD study are presented in Chapter 6, with an emphasis on 
relevance of the observed changes to EBPR phenomena and to aerobic granulation. 
To provide a brief comparison, values of significant parameters and descriptors of 
the EBPR phenomena, as well as the rates of the EBPR-related biochemical 
conversion processes, calculated from the data obtained from several cyclic-
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evaluation experiments during which the biomass in the SBR was either floccular or 
granular, are tabulated together with those reported for suspended growth activated 
sludge systems in EBPR literature and those recently reported in the limited aerobic 
granular EBPR biomass literature. Finally, results from morphological and 
phenotypic characterization of the microbial populations obtained through 
application of chemical-staining of intracellular storage polymers –the phenotypic 
descriptors of the EBPR phenomena-, are provided and discussed together with the 
corresponding C-, P-, and N-removal efficiencies observed in the aerobic granular 
EBPR biomass reactor.  
Conclusive remarks derived from this current PhD dissertation are summarized at 
the closure in Chapter 7 and followed by recommendations for future studies. 
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2. AEROBIC GRANULATION in SEQUENCING BATCH REACTORS 
2.1 Introduction to Granulation Phenomena 
Prior to introduction to aerobic granular sludge technology, it will be useful to provide 
the description of aerobic granules, to differentiate them from biofilm particles, 
activated sludge flocks, and aggregates.  
A biological granule can be considered as a form of biofilm without a substratum. 
“Granules making up aerobic granular activated sludge are to be understood as 
aggregates of microbial origin, which do not coagulate under reduced hydrodynamic 
shear, and which settle significantly faster than activated sludge flocks” (de Kreuk et 
al., 2005c). 
Different than the attached growth systems, no external carrier material is used to 
initiate and mediate the desired attachment, but the strong and dense structure of 
biological granules are initiated by microbial self-adhesion and cell-to-cell interaction 
in a tight matrix of Extracellular Polymeric Substances (EPS). Moreover, compared 
to suspended growth systems, biological granules are discrete microbial aggregates 
with size over a certain value and have a regular structure with a smooth outer 
shape. They are much denser and compact than regular activated sludge flocks. 
Thus, the location of microorganisms with respect to each other and to the 
environment (bulk liquid, substrates, dissolved oxygen, etc.) does not change as 
frequently as it happens in suspended growth systems with floccular biomass. The 
dense and compact structure of biological granules provides excellent settling 
properties, thus the operational time and/or reactor volume required for biomass 
settling are significantly lower for biological granules than for floccular biomass. 
Ability to hold more biomass in the reactor due to the compact structure also 
enables application of higher volumetric loads. These features of biological granules 
are of great significance in terms of biological wastewater treatment applications, 
since they translate to considerably reduced reaction times and/or smaller foot-prints 
for reactors, decreased land requirements, thus eventually decreased capital and 
operational costs. 
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2.1.1 Granular activated sludge: anaerobic processes 
Introduction and application of Granular Activated Sludge (GAS) technology is a 
good example of how economics influence environmental engineering applications 
and it is a success story of how engineering solutions, amended with an insight of 
microbial traits, provide an optimization to overcome economical constrains of 
biological wastewater treatment applications while meeting the required 
environmentally safe standards. 
The world-wide energy crisis experienced in early 70’s, resulted in a significant rise 
of energy prices. Parallel to this, most of the developed countries, especially the 
ones now being the members of the European Union, voted on more stringent 
legislations, especially regarding the industrial wastewaters, to be introduced to 
provide a better protection of their natural resources. The combined effect of these 
situations yielded a demand for wastewater treatment alternatives more efficient, in 
terms of energy costs, land requirements and removal efficiencies, than the 
conventional aerobic activated sludge systems. At this point, anaerobic wastewater 
treatment gained a well-deserved attention because of its advantages over aerobic 
systems which need considerably high energy inputs for the transfer of oxygen to 
the systems, have high biomass production demanding for larger volumes -thus 
land- for aeration tanks and secondary clarifiers, and involve elevated costs due to 
the needs for the treatment of high surplus biomass generated (Grotenhuis, 1992). 
Since then, various configurations of anaerobic reactors (Anaerobic Filters, Upflow 
Anaerobic Sludge Blanket Reactors -UASB-, Fludized Bed Reactors, Anaerobic Gas 
Lift Reactors, Internal Circulation Reactors –IC-, Expanded Granular Sludge Bed 
Reactors –EGSB-, etc.) were introduced with a focus to increase the amount of 
biomass retained inside the reactor, thus to obtain elevated volumetric conversion 
rates enabling treatment of high-strength wastewaters and removal of high COD 
loads. One configuration deserving attention is the UASB reactor. Biomass retention 
is significantly high in UASB reactors since the anaerobic microorganisms self-
immobilize/aggregate to grow into efficiently and fast-settling biological granules. 
Moreover, excellent settling properties of the anaerobic granular biomass attained in 
UASB reactors, as well as the reactor configuration/operation enabling the biomass-
liquid separation within the reactor itself, eliminate the need for a secondary clarifier 
and thus provide decrease in capital and operational costs. Consequently, since late 
1970’s, UASB reactors became the most widely used anaerobic treatment 
alternative in full-scale applications, as well as in lab-scale studies, and anaerobic 
granular biomass has found a wide-spread application in anaerobic wastewater 
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treatment field (Grotenhuis, 1992; Beun, 2001; Liu and Tay, 2004; Tay et al., 2004). 
Today, more than 900 full-scale anaerobic granular activated sludge treatment 
plants are operated all over the world (Liu and Tay, 2002). 
While anaerobic granulation process has evolved to a widely applied activated 
sludge technology during the past 35 years, numerous studies were conducted to 
enlighten the causes, maintenance, and advantages of anaerobic granulation. The 
factors influencing anaerobic granulation have been determined as hydrodynamic 
conditions, more specifically the shear stress and optimization between the upflow 
liquid velocity and settling velocity of the granules, ratio of reactor height to diameter 
(H/D), organic loading rate (OLR), influent composition, metabolic –syntrophic- 
interactions between different functional groups of the anaerobic microbial consortia, 
inoculum, presence of polymers and cations, temperature and pH. A brief literature 
review on how these factors influence granulation in anaerobic activated sludge 
systems is provided by Liu and Tay (2004). 
Among these parameters, hydraulic selection pressure introduced to UASB reactors 
via the upflow liquid (or produced gas) velocity has been reported as the main 
driving force for anaerobic granulation. According to this consideration, upflow 
velocities impose a selective pressure on the biomass such that only the biomass 
particles with settling velocities higher than the applied upflow velocities are able to 
remain inside the reactor, while the slowly settling particles are washed out. Bacteria 
need a strategy to increase their settling velocities to survive in the reactor and this 
strategy is to grow in size at macro-scale via cell-to-cell interaction and self-
aggregation, eventually resulting in granulation (Morgenroth et al., 1997, Liu and 
Tay, 2004). As an examples, Alphenaar et al. (1993) pointed out, in their frequently 
referred study, the importance of this selection process and reported that high 
hydraulic selection pressure imposed by a combination of a high upflow liquid 
velocity and a short hydraulic retention time (HRT) caused washout of dispersed 
bacterial population and favored formation of granular biomass in their anaerobic 
UASB reactors. 
Another important factor, characteristic to anaerobic systems and believed to 
influence anaerobic granulation, is the complex microbial structure. Anaerobic 
biomass is a complex multi-species microbial formation housing discrete groups of 
microorganisms designated for distinct, yet interrelated, biochemical conversions. In 
such a syntrophic arrangement, reduced intermediates produced by one functional 
group should be easily available to the other functional group responsible for 
consumption of those reduced products. Moreover, thermodynamic restrictions 
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enforce maintaining these reduced products at decreased amounts. These 
metabolic and thermodynamic constrains, induce the distinct microbial groups to 
position themselves in close proximity of their syntrophic associates, which causes 
an extremely close cell-to-cell interaction and aggregation. Although non-layered 
structures are also observed, for instance in high-rate UASB reactors treating 
protein-based wastewaters, in anaerobic granules sampled from a full-scale hybrid 
reactor treating pig slaughterhouse wastewater (Batstone et al., 2004), and in 
anaerobic granules cultivated on ethanol (Grotenhuis, 1992), a three-layered spatial 
organization is usually considered to be valid for anaerobic granular biomass 
cultivated in UASB reactors. These layers are the outer layer inhabited by 
fermenters (bacteria) converting soluble proteins and sugars to organic acids and 
alcohols, the middle layer resided by the syntrophic consortia consisting of 
acetogenic (H2- and formate-producing) and methanogenic (H2- and formate-
utilizing) organisms and living in close proximity with each other (within 10 µm), and 
the core consisting of aceticlastic methanogens (like Methanosarcina and 
Methanosaeta spp.) consuming the produced acetate and producing methane (and 
carbon dioxide) in the absence of oxygen as the terminal electron (e-) acceptor. 
Moreover, some species of methanogens are suggested to have a key role in 
anaerobic granulation, since they have been determined to reside in all layers of 
anaerobic granules. A brief review, including examples of both non-layered and 
multi-layered microbial structure of anaerobic granules, is provided by Batstone et 
al. (2004) and by Liu and Tay (2004). 
2.1.2 Granular activated sludge: aerobic processes 
As stated above, granulation of biomass, resulting in superior supernatant-biomass 
separation, high mixed liquor suspended solids (MLSS) concentrations, and ability 
to meet high loading rates, has been observed and applied effectively in many 
anaerobic wastewater treatment systems. Despite of these advantages, anaerobic 
granular activated sludge process has still some drawbacks like long start-up 
periods (2-4 months) due to considerably low growth rates of anaerobic microbial 
consortia, high operational temperatures to support mesophilic or thermophilic 
growth, high sensitivity to changes in the substrate loading rate, unsuitability for 
treatment of relatively low-strength waste streams, and low performance in efficient 
biological nutrient removal (Lili et al., 2005; Liu and Tay, 2004; Qin et al, 2004b). 
Aerobic systems with successful application of biomass granulation are considered 
to provide solutions to overcome these disadvantages of anaerobic granular sludge 
systems. 
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In fact, several studies in the 90’s demonstrated that granulation is not a 
characteristic, exclusively restricted to anaerobic systems. Researchers reported 
observation of aerobic and anoxic-aerobic granulation in sequencing batch reactors 
operated for carbon and/or nitrogen removal (Morgenroth et al., 1997; Beun et al., 
1999; Etterer and Wilderer, 2001; Beun, 2001). In early studies on aerobic granulation, 
the operational parameters, suspected to favor granulation, were determined and the 
influence of these parameters, such as settling time, shear stress, and substrate 
loading rate, were investigated. In these initial works, settling time was considered to 
be the main parameter for the selection of granules with high settling velocities and 
washout of flocks. Settling velocity values from 0.67 to 1.8 cm/s were reported for 
rapidly-settling granular sludge (Beun et al. 1999, Etterer and Wilderer 2001).  
More recently, research on aerobic granulation has been directed towards the use of 
aerobic granular biomass for treatment of industrial wastewaters (Arrojo et al., 2004; 
Schwarzenbeck et al., 2004) and specific compounds like phenol (Jiang et al., 2002; 
Jiang et al., 2004; Tay et al., 2005). Another interesting and extensively studied field 
of aerobic granular activated sludge technology in the recent years is the possibility 
of increasing the stability of aerobic granular biomass via selecting for slow-growing 
organisms like nitrifiers and/or poly-P accumulating organisms (PAOs), or from the 
other equally important standpoint, the application of this technology in nutrient 
removal like in nitrogen-removal processes (Beun et al., 2002; Beun et al., 2000; Liu 
et al., 2004; Tsuneda et al., 2003; Yang et al., 2003; Dangcong et al., 1999; Tay et 
al., 2002) and/or in Enhanced Biological Phosphate Removal (EBPR) systems 
(Dulekgurgen et al., 2001; 2003a; Lin et al., 2003; de Kreuk and van Loosdrecht, 
2004; de Kreuk et al., 2005a, Mosquera-Corral et al., 2005; Kim et al., 2004).  
The parameters used to assess granular biomass formation and stability, as well as 
the factors affecting initiation, formation, and stability of aerobic granular biomass 
will be discussed in the following sections. Results from recent studies on aerobic 
granulation will be reviewed and compared at the following sections of this chapter.  
2.2 Indicative Parameters for Granule Formation and Stability 
Aerobic granulation is a microbial process progressing gradually. Three phases can 
be described for the progress of granulation: washout of floccular biomass with 
settling velocities smaller than the desired values, accompanied by initial 
aggregation of the biomass to form compact aggregates in order to withstand the 
applied selective pressure; conversion of microbial aggregates into granular 
biomass, and maintenance of stable and mature granules stable biochemical 
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conversion efficiencies. From seed floccular biomass to mature granules, 
granulation should be monitored with representative parameters which are expected 
to indicate that the structure and properties of the cultivated biomass agree with the 
definition of granular biomass. Indicative parameters that should be reported in 
aerobic granulation studies and that will provide a common basis for comparative 
evaluation are described below.  
2.2.1 Average granule diameter (dgra; mm) 
Obviously, granule diameter is the measure of actual size of individual granules. Not 
all granules are totally spherical, thus a mean value is needed to be determined for 
a granule which is not spherical. Mean diameter for a granule is defined as the 
average length of diameters measured at 2 degree intervals and passing through 
the granule’s centroid. The term “average granule diameter (dgra)” used in the 
aerobic granulation literature is rather a fictive value representing the arithmetic 
average of the mean diameters of all the granules (or other particles) measured in a 
biomass sample.  
There is no consensus on a minimum diameter required to classify the microbial 
aggregates as granules yet, though a wide size range of average granule diameter 
from around 0.25 to 9 mm is reported in the recent aerobic granular activated sludge 
literature (Tay et al., 2001a; Mishima and Nakamura, 1991; Tay et al., 2003). 
2.2.2 Particle size distribution  
This parameter shows the range of the mean diameters of the granules (or objects) 
and the relative amounts of granules with certain mean diameters in a biomass 
sample. Size distribution of a granular biomass sample is reported either in terms of 
%volume or %number of objects counted. Both average granule diameter and 
particle size distribution can be determined by sieving, or with particle size counters, 
or via image analysis. Sieving is the simplest method but give rough results and is 
limited with the minimum sieve size available. Consequently, this method is not 
sensitive at the lower range of size distribution, thus is not applicable for monitoring 
during start-up periods when most of the biomass is still floccular. Particle size 
counters use a laser beam to count and determine size of objects passing in front of 
a laser source. This method is advantageous because sample remains intact, 
though is limited at the upper range since maximum detectable size for most laser 
counters is around 2 mm. Image analysis with IA software involves processing 
biomass pictures taken with a digital camera mounted on a dissecting microscope. 
This method is laborious but sensitive and accurate in all size ranges. 
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2.2.3 Morphology (aspect ratio and shape factor)  
Macro-morphology of granules can influence the settling properties and aspect ratio 
and shape factor are two parameters used in aerobic granulation literature to 
address the macro-morphology of granules and to follow up progress of granulation.  
Aspect ratio (roundness of a particle) is determined as the ratio between the 
minimum ferret and maximum ferret of a particle, or the ratio between the minor and 
major axis of an ellipse equivalent to an object. A value of 0 corresponds to a line, 
whereas a value of 1 corresponds to a circle. The more the aspect ratio is closer to 
1, the more likely that the particle has a shape closer to a sphere. 
Shape factor (capriciousness of particle surface or smoothness) is determined with 
the following equation: [4*π*Area/Perimeter2], where perimeter is the length of the 
particle’s outline. Again two extremes are 0 corresponding to a line, and 1 
corresponding to a circle. 
2.2.4 Sludge Volume Index (SVI; mL/g)  
This parameter is one of the widely used conventional parameters in activated 
sludge processes to address settleability and compactness of biomass; two 
extremely important properties dictating overall solids-effluent separation efficiency. 
From an engineering perspective, main driving force behind cultivating compact 
granular biomass with superior settling properties is the possibility of decreasing 
settling time, thus the hydraulic retention time (HRT), and eventually the reactor 
volume. Consequently, measure of biomass settleability and compactness, thus 
SVI, gains remarkable significance, and is considered as one of the most important 
indicative parameters to follow up progress of aerobic granulation.  
Conventionally, SVI (mL/g) is determined as the ratio of settled biomass volume in 1 
L of a mixed liquor sample (mL/L) after 30 minutes of settling to biomass 
concentration in mixed liquor (MLSS in g/L). Recently, there is a tendency in aerobic 
granulation studies, to report conventional 30 min-SVI values together with the ones 
recorded at settling times shorter than 30 min. The ease of measuring non-
conventional SVI values in Sequencing Batch Reactors (SBRs) is that the settled 
biomass bed volume could be recorded directly from the reactor right before the 
start of effluent withdrawal, thus requiring no biomass sampling from the reactor, 
except for MLSS measurements. Length of settling time for a non-conventional SVI 
measurement can be determined as the sum of settling time (TS) applied inside the 
reactor, time for effluent withdrawal (TW), and idle time at the end of one cycle. 
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Apparently, this approach is much more realistic because the operational conditions 
are directly reflected to the measurement. Though, since the sum of these periods 
may vary from application to application, due to differences in reactor operation, 
reporting various non-conventional SVI values may result in a discrepancy for 
comparative evaluation of different studies. Accordingly, SVI10 (SVI after 10 minutes 
of settling) is recently considered as a suitable non-conventional SVI value to be 
reported together with the conventional SVI30 (SVI after 30 minutes of settling), and 
comparison of SVI10 and SVI30 values is suggested as a good indication of granule 
formation (Bathe et al., 2005). SVI values at a range of 50-90 mL/g are frequently 
reported in aerobic granular biomass systems, and a biomass with an SVI value less 
than 50 mL/g can be considered as an excellently settling compact biomass. 
2.2.5 Mixed Liquor Suspended Solids (MLSS; mg/L) 
This is also a basic conventional parameter used to monitor any type of activated 
sludge system in terms of the amount of biomass attained in the reactor. Although 
MLSS is not a direct measure of granulation, changes in MLSS in combination with 
changes in SVI can be a considered as a good indication of biomass compactness 
and thus granulation.  
2.2.6 Cell surface hydrophobicity (% hydrophobicity) 
This parameter has a notable significance in aerobic granulation studies, since it is 
strongly related with cell surface properties, thus with cell-to-cell interactions 
inducing self-immobilization and aggregation. At physiological pH values, dispersed 
cells have a higher surface charge then cells in flocks and aggregates. This high 
surface charge increases cell-to-cell repulsion keeping the cells apart. Thus, 
bacteria need to decrease its surface charge for cell-to-cell interaction and cohesion, 
which results in self- and cell-to-cell immobilization, in other words aggregation. 
Microorganisms have the ability to alter their cell surface characteristics and 
aggregate under chemical and physical stress to be protected from- and to minimize 
the adverse effects of- these external stimuli (Bossier and Verstraete, 1996). 
Moreover, microorganisms are known to metabolically respond to stressful 
conditions like starvation, nutrient limitation, and hydrodynamic shear force, 
prompting formation and maintenance of microbial macro-structures resistant to 
these external stresses (Liu and Tay, 2002; Qin et al., 2004, and references therein).  
Activated sludge bacteria and their aggregates, as well as some other particles, are 
embedded in a matrix of extracellular polymeric substances (EPS), at which cell 
surface properties and especially hydrophobic interactions play an important role in 
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organization and cohesion of bacterial aggregates (Jorand et al., 1998). Decrease in 
surface charge to promote cell-to-cell communication, in deed results in an increase 
in cell surface hydrophobicity. From a thermodynamic point of view, these changes 
in cell surface properties causes a decline in excess Gibbs energy of the surface, 
which in turn improves solid (bacterial cell)-liquid (bulk liquid) separation, thus 
aggregation. A higher cell surface hydrophobicity is very likely to result in an 
intensified cell-to-cell interaction, self-immobilization, aggregation, and eventually 
granulation into compact and durable structures (Tay et al., 2002; and references 
therein). Consequently, progress of granulation is usually accompanied by an 
increase in hydrophobic properties of the cells. 
2.2.7 Extracellular Polymeric Substances (EPS) 
As stated above, microbial cells, if not dispersed, are usually allocated together with 
other cells in a matrix of extracellular polymeric substances (EPS), consisting mainly 
of extracellular polysaccharides (ExoPS) and extracellular proteins (ExoPN), in 
addition to some humic substances, nucleic acids, etc., and also some non-cellular 
organic or inorganic materials entrapped inside this slimy matrix. Some components 
of the EPS matrix are suggested to be able to change the negative surface charge 
of dispersed bacterial cells, decreasing repulsive forces between cells, increasing 
their proximity with respect to each other, bridging them physically, and thus 
contributing to cell-to-cell communication, self-immobilization, and aggregation (Tay 
et al., 2001b; Qin et al., 2004). For instance, ExoPS fraction is considered to act as 
a physico-chemical bridge between cells, resulting in formation of a 3-D structural 
matrix with a higher physical and chemical ability to interact with more bacterial 
cells, facilitating enhanced bacterial cohesion and adhesion, and thus cell-to-cell 
interaction. Consequently, the EPS matrix provides a niche to bacteria to be 
protected from adverse and severe external conditions of stressful environments, 
like in an activated sludge system. 
Observations reported in the literature suggests that microbial populations could 
metabolically respond to physical stress, like high shear stress, via initiating 
biochemical conversions for metabolic changes, which eventually results in 
facilitation of aggregation. It is also suggested that this initiation results in change of 
energy budgets of anabolic versus catabolic reactions: bacteria channel some of 
their energy from anabolic (growth-related) to catabolic (non-growth- related) 
reactions like production of ExoPS, which as stated above, facilitates cell-to-cell 
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immobilization, in other words granulation (Bossier and Verstraete, 1996; Tay et al., 
2001b; Qin et al., 2004; Liu and Tay, 2002; and references therein). 
After proper extraction of tightly-bound EPS, ExoPS and ExoPN fractions can be 
measured by analytical methods. ExoPS and ExoPN fractions of extractable EPS 
are usually reported in mg/L, calibrated in accordance with models compounds, 
being glucose for polysaccharides and bovine serum albumin for proteins.  
Other parameters suggested to be reported for comparative evaluation of aerobic 
granular biomass studies include biomass density (in grams of biomass per liter of 
biomass), sludge retention time (SRT), and steady-state time of the experiment. 
2.3 Factors Affecting Formation and Stability of Aerobic Granular Biomass 
Microbial granulation is mostly explained through the “selection pressure theory”, 
which hypothesizes that environmental stimuli, like physical and/or chemical stress, 
trigger bacteria, through adjustments in cell surface properties and metabolism, to 
aggregate and eventually granulate. Components of this multi-step microbial 
process are deduced to be ability of- and need for- physical movement initiating cell-
to-cell contact and adhesion-aggregation, initial attractive forces sustaining cell-to-
cell interaction, microbial forces facilitating further aggregation, and hydrodynamic 
shear forces in balance with growth processes determining macro-structure of stable 
granules (Pratt and Kolter, 1999; Davey and O’Toole, 2000, Watnick and Kolter, 
2000; Liu and Tay, 2002). Some forces involved are hydrodynamic-, diffusive-, 
gravitational-, and thermodynamic-forces in the first step, physical forces related 
with hydrophobicity, surface tension, thermodynamic forces linked with surface free 
energy, opposite charge attraction; chemical forces like bridging between 
components, formation of ionic multi-structures; biochemical forces like proton 
translocation, surface dehydration in the second step, production of EPS, enhanced 
micro-colonization and clustering in a matrix of EPS and biomass, altering metabolic 
pathways to change distribution of energy budget in the third step, and 
hydrodynamic shear forces in the last step. 
External conditions and response of microbial populations are closely interrelated. 
Yet, various factors initiating and influencing formation, properties, and stability of 
aerobic granular biomass can be classified into two main categories of “hydraulic 
selection pressure” and “kinetic-metabolic selection pressure”. Most widely studied 
and referred factors influencing aerobic granulation are shear stress and settling 
time; both being primary components of hydrodynamic selection pressure. 
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Moreover, application of a feast-famine sequence and selecting for slow-growing 
organisms are considered as primary means of kinetic-metabolic selection pressure 
applied for aerobic granulation. There are several other factors which have been 
determined to have some degree of influence on aerobic granulation. Some of these 
are closely related with hydraulic selection pressure (i.e., volumetric exchange ratio, 
cycle time, hydraulic retention time, reactor configuration, reactor geometry, etc.), 
some others with kinetic-metabolic selection (i.e., substrate type, volumetric 
substrate loading rate, dissolved oxygen level, feeding pattern, C/N ratio, etc.), and 
yet several of them related with both categories. Definitions of main factors 
significant for initiation, progress, and stability of aerobic granulation, as well as 
general aspects of how they influence the process, are given below.  
2.3.1 Hydraulic selection pressure  
2.3.1.1 Shear stress in terms of superficial upflow air velocity (vS; cm/s) 
In their review on factors influencing microbial aggregation, Bossier and Verstraete 
(1996) mention that there is neither a direct evidence showing that environmental 
stress signals instigate genetic rearrangements for aggregation, nor any solid 
information substantiating the link between external stimuli and metabolic variations 
resulting in microbial aggregation. Nevertheless, they also draw attention to the 
likelihood of physical and/or chemical stress factors to trigger microbial responses 
resulting in a shift from dispersive- to aggregative-physiology. Parallel to these, it is 
reasonable to state that keeping close proximity, in other words colonization and 
further aggregation, may provide a relatively safe growth environment for 
microorganisms, where they are reasonably protected from adverse effects of 
environmental conditions like physical and/or chemical stress factors. Hydrodynamic 
shear force is a good example of physical stress exerted on microorganisms in 
activated sludge systems and correlation between application of a relatively high 
level of shear and initiation, formation, and stability of more compact and denser 
biofilms, as well as aerobic and anaerobic granules, is well demonstrated in many 
studies (Liu and Tay, 2002; and references therein).  
Prime conclusion derived by van Loosdrecht et al. (2005) from experimental studies 
and modeling efforts on biofilm formation, is that formation of smooth and dense 
biofilms arise from the balance between detachment rate, that is influenced by shear 
stress due to particle-particle collision and liquid/gas velocities perpendicular to 
biofilm growth direction, and actual growth rate of microorganisms. Considering that 
granular biomass is a form of biofilm without a carrier material, it is possible to 
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extend this conclusion for granulation, putting an emphasis on shear stress as a 
parameter influencing this microbial phenomenon. Moreover, as mentioned 
previously, one of the key factors influencing self-immobilization and aggregation in 
anaerobic granular systems, like in an UASB reactor, is hydraulic selection pressure 
induced by shearing effect of applied upflow liquid (and/or produced gas) velocity, 
and maintaining more biomass with superior settling properties requires an 
optimization between applied upflow liquid velocity and settling velocity of the 
biomass, since latter determines whether the microbial aggregates have the chance 
to remain in the reactor or be washed out.  
Similar to biofilm- and anaerobic granular biomass-systems, shear rate is also of 
significance in aerobic granular biomass systems as a means of hydraulic selection 
pressure. The difference is that shear in aerobic systems is mainly due to superficial 
upflow air velocity (vS; cm/s) during the aeration period. Superficial upflow air 
velocity can be calculated as the ratio between overflow rate of air supplied to the 
system (Qair) and cross-sectional area of the reactor perpendicular to air flow 
(A=π*D2/4; where D is reactor diameter).  
Several researchers have reported that application of reasonably high hydrodynamic 
shear forces coincided with observation of increased EPS production and elevated 
cell-surface hydrophobicity in aerobic granular systems, two important parameters 
related with cohesion and adhesion/aggregation of microorganisms and promoting 
formation of granules as well as supporting structural integrity of formed granules 
(Tay et al., 2001b; Liu and Tay, 2002; Liu and Tay 2004). Increased biomass density 
and decreased SVI values, indicating compact biomass with improved settling 
properties, are also frequently reported in aerobic systems exposed to elevated shear 
rates expressed in terms of superficial upflow air velocities (Subsection 2.5.2).  
Wang et al. (2004) and Tay et al. (2001a) reported that lowest superficial upflow air 
velocity values required to sustain granulation in their aerobic granular systems 
were 0.87 cm/s and 1.2 cm/s, respectively. Several researchers recommend a vS 
value equal or higher than 2 cm/s as a sufficient level of hydrodynamic shear force 
to facilitate aerobic granulation and provide structural integrity (Beun et al., 2000; 
Tay et al., 2001a; Beun et al., 2002; Tay et al., 2004; Zheng et al., 2005).  
It should be pointed out here that there could be shear in aerobic granular systems, 
caused by factors other than superficial upflow air velocity. One of these shear-
causing factors is recycling of the off-gas in fully aerobic systems to control the level 
of dissolved oxygen. Upflow velocity of an inert gas (i.e., N2) used to purge the 
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reactor to provide anaerobic conditions prior to aeration (like in P-removing systems) 
could be another source of shear. Providing mixing conditions at any degree during 
an anaerobic phase, by mechanical mixing or via introducing the feed reactor 
bottom, also result in some degree of shear. Presence of a down-comer unit, as in 
an airlift reactor, certainly causes additional shearing effects. In any case, it is more 
accurate to consider combined effect of all relevant conditions with a significant 
contribution to the overall shear stress, as the actual hydrodynamic selection 
pressure influencing formation and stability of aerobic granulation. 
2.3.1.2 Settling time (TS; min) 
Selection of particles according to their settling velocities is considered as an 
important factor for granulation in general (de Kreuk et al., 2005b; and references 
therein). So far, almost all aerobic granulation studies have been conducted in 
sequencing batch reactors (SBRs), where nature of changes is predominantly 
temporal, rather than spatial. One cycle of a SBR comprises of distinguished periods 
(i.e., influent feeding, TF, aeration, TA; settling, TS; effluent withdrawal, Tw, idle, etc.) 
devoted for different physical and/or biochemical changes. SBR configuration 
provides numerous advantages for application and assessment of activated sludge 
processes due to flexibility of reactor configuration and ease in changing operational 
conditions. With this respect, two parameters of SBR operation being important for 
aerobic granulation are settling time (TS; min) and effluent extraction height (H; cm). 
In terms of reactor operation, time allowed for the biomass to settle (TS) before 
effluent is extracted from a certain height (Hmin; cm), dictates a minimum settling 
velocity (vmin= Hmin/TS; cm/min, see also Eq. 2.8). Consequently, only the biomass 
particles that can travel the distance from top to the point where effluent is extracted 
within a time span equal or smaller than the settling time allowed by operational 
conditions, remain in the system. Decreasing the time allowed for biomass settling 
(TS) can be considered as an operational strategy to support initiation of aerobic 
granulation, though it is suggested here that applying a low TS value should be 
evaluated as imposing an indirect selective pressure, causing slowly settling 
floccular biomass to be washed out and rapidly settling biomass aggregates to be 
retained in the reactor, rather than being a direct cause of granulation.  
As will be discussed in Subsection 2.5.1, Qin et al. (2004b) concluded that the time 
allowed for the biomass to settle should be shorter than 5 min in aerobic granular 
systems. In their review paper focusing on the correlation between TS (and thus 
vmin), and successful aerobic granulation, Liu et al. (2005) concluded that it is not 
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possible to cultivated aerobic granular biomass with a vmin smaller than 1.67 cm/min, 
and this value should be higher than 8.3 cm/min to facilitate formation and stability 
of aerobic granulation. In general, for fully-aerated granular biomass systems, vmin 
values around or higher than 20 cm/min are repeatedly reported to be suitable to 
exert sufficient hydraulic selection pressure for successful granulation (Beun et al., 
2000; Beun et al., 2002; Wang et al., 2004; de Kreuk and van Loosdrecht, 2004; and 
also see Section 2.5).  
2.3.1.3 Reactor geometry and operational configuration 
Some properties of SBR and several operational conditions are considered to have 
significance for aerobic granulation, since they have either a direct or an indirect 
influence on hydraulic selection pressure parameters. These factors are: 
Reactor Working Height / Reactor Diameter (HW/D; cm/cm): This parameter of 
reactor geometry is supposed to have an indirect influence on granulation in two 
ways. First, in combination with exchange ratio, reactor working height (HW) 
determines Hmin, which is the minimum distance that a biomass particle should travel 
from top to point of effluent extraction. As stated earlier, Hmin and applied TS together 
dictate vmin (vmin=HW*Exchange Ratio/TS; see also Eq. 2.1 and 2.8), an indirect 
hydraulic selection pressure in aerobic granular systems. In their review paper, Liu 
et al. (2005) mentioned several studies reporting successful aerobic granulation in 
SBRs with HW/D ratios ranging from 1.9 to 20 cm/cm. Beun et al. (1999 and 2002) 
concluded that a high HW/D ratio is beneficial in amending selection of granules 
according to their settling velocities, and from an engineering perspective, a high 
HW/D ratio translates into a column-type reactor with a small footprint, thus 
decreased land requirement. Second, HW/D value has impact also on degree and 
distribution of shear forces inside the reactor. As previously mentioned, shear stress 
described in terms of superficial upflow air velocity (vS) is determined as overflow 
rate of applied air divided by cross-sectional area (A) of the reactor. Apparently, A is 
a function of reactor diameter (D) and thus the smaller the reactor diameter, the 
higher the shear rates. Moreover, a high HW value, or HW/D ratio, provides a longer 
flow trajectory both for applied air flow and for microbial aggregates (Liu and Tay, 
2004). On the other hand, an unreasonably high HW/D ratio may cause an 
unbalanced distribution of shear forces inside the reactor, resulting in high 
stratification and locations with low shear stress. These may eventually trigger 
outgrowth of filamentous and finger-type structures, resulting in deterioration of the 
granulation process (de Kreuk et al., 2005c).  
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Exchange ratio: Exchange rate of an SBR is the measure of how much of liquid 
volume is exchanged at the end of each cycle and is determined as the ratio of 
volume devoted for filling the reactor with influent (VF), or volume of effluent 
discharged at the end of each cycle, to total reaction volume (VW) (Eq. 2.1); in other 
words HF/HW. Filling height (HF) is the measure of reactor section devoted for 
influent, thus is the distance between reactor top (liquid surface) and effluent 
discharge point; in other words Hmin; which determines vmin, the indirect hydraulic 
selection parameter for aerobic granulation. Consequently, for a given TS value, an 
increase in Exchange Ratio (thus, in VF and Hmin) results in an increase in vmin, which 
eventually exerts an elevated hydraulic selection pressure on the biomass, and 
results in selection of more rapidly settling microbial aggregates (Liu et al., 2005) 
Cycle Time (TC) and Hydraulic Retention Time (HRT): TC is sum of all periods of an 
SBR operation and is closely related with HRT for a given Exchange Ratio (Eq. 2.1-
2.3). Sludge Retention Time (SRT) is also closely related to HRT, TC and Exchange 
Ratio values (Eq. 2.4 and 2.5). Consequently, these operational parameters are 
considered to have an indirect impact on aerobic granulation through their influence 
mainly on hydraulic selection pressure factors, and also, to a certain extent, on 
growth-related selective pressure. For instance, Liu and Tay (2004) state in their 
review paper that, HRT should be long enough to facilitate growth and consequent 
accumulation of sufficient amount of biomass, but on the other hand should be short 
enough to prevent outgrowth of floccular biomass through providing a high washout 
frequency. Tay et al. (2002) reported successful and stable granulation in nitrifying 
reactors operated with TC values of 6 and 12 hours (corresponding to vmin values of 
2.4 and 1.2 cm/s, respectively), but the biomass in the reactor with TC of 3 hours 
(vmin= 3.6 cm/s) was totally washed out and the one cultivated in the reactor with TC 
of 24 hours remained in suspended form at all times, due to weak hydraulic 
selection pressure (vmin= 0.3 cm/s). 
Relations between the parameters originating from reactor geometry and 
operational configuration are formulized in the following equations (Eq. 2.1-2.9):  
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where QF is influent overflow rate, N is number of cycles in one day, MLVSS is 
biomass concentration inside the reactor, EVSS is biomass concentration in the 
effluent, CODRc and CODInf are COD concentrations in the reactor and in the feed 
stream, respectively. The others are as described previously. 
2.3.2 Kinetic and/or metabolic selection pressures 
2.3.2.1 Introduction to kinetic- and metabolic-selection theories 
A very simplified and brief description of the processes involved in biological WWT 
can be formulized as removal of particulate, colloidal, and soluble undesirable 
compounds in the wastewater by microorganisms who sense these constituents as 
external stimuli and/or consume them as extracellular inputs for their anabolic 
(growth-related) and catabolic (non-growth related) metabolisms, resulting in new 
cell synthesis and production of terminal biochemical oxidation products like CO2, 
H2O, N2, etc. However, overall success of a biological treatment process relies not 
only on efficient biochemical conversions, but also on successful separation of 
treated water from already-present and newly-synthesized biomass. Apparently, the 
latter requires cultivation of biomass with good settling properties, and put emphasis 
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on the need for successful flocculation in conventional activated sludge systems and 
further formation of granular biomass, as suggested by the recently introduced 
aerobic granular biomass technology..  
From a microbiological perspective, the ultimate goal of microorganisms is to survive 
and multiply. Accordingly, they need to acquire C-, H-, N-, P-, and O-related 
compounds to generate the building blocks for cell-synthesis, and a safe and proper 
growth environment providing protection against adverse effects of external stimuli 
and stress factors. In an activated sludge system, microorganisms are provided with 
the compounds they need for cell-synthesis and maintenance, but are also exposed 
to various external threats. In such systems, which can be considered as 
oligotrophic environments, microorganisms are usually fed at almost starvation 
conditions with low apparent Food/Microorganism (F/M) rates. It might be expected 
that only bacteria (so called the KS-strategists), with a high affinity (low KS value; 
half-velocity constant or saturation coefficient for substrate; mg/L) for the substrate 
prevail under such conditions. However, even in a completely mixed system, where 
the substrate concentration in the bulk liquid is constant (at a significantly low value), 
microorganisms are exposed to local substrate gradients for couple of reasons:  
EPS plays the central role in formation and continuity of local substrate gradients in 
activated sludge systems. EPS constitutes mainly of water and biopolymers like 
some extracellular polysaccharides and extracellular proteins, as well as some other 
macromolecules of microbial-origin, and form a three-dimensional, gel-like, highly 
hydrated, and usually charged matrix, in which activated sludge microorganisms are 
embedded. These biopolymers are considered to be responsible for cohesion which 
keeps the microorganisms and their aggregates together, providing a structural 
integrity. The EPS matrix not only houses the microbial aggregates, but also acts as 
a microbial recycling yard (Flemming and Wingender, 2001). Owing to adhesive 
characteristic of this matrix with both hydrophobic and hydrophilic sites, particulate 
and colloidal organic matter in the bulk liquid could be entrapped inside and then 
hydrolyzed, via extracellular enzymes present in the matrix, to readily degradable 
organics. Charged molecules, like mineral nutrients and metals, as well as soluble 
substances, like soluble organics and other nutrients, can also be retained in the 
EPS matrix via various mechanisms like loose binding, sorption, and chelate 
formation (Bossier and Verstraete, 1996; Flemming and Wingender, 2001). In any 
case, retention of biodegradable substances in the EPS matrix converts it to a 
substrate-rich environment and the difference between the substrate concentrations 
in the bulk liquid and in the matrix results in a substrate gradient in the direction of 
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vicinity of the flock/aggregate. Release of endogenous respiration products to the 
EPS matrix provides some additional organic material available for biodegradation 
and thus contributes to the abovementioned gradient.  
It is possible to state that bacteria can sense substrate gradients and tend to move 
towards the point where substrate concentration is higher than in the bulk liquid, 
thus position themselves in close proximity of microbial aggregates or in microzones 
of particles (Kjelleberg et al., 1987; Bossier and Verstraete, 1996; Watnick and Kolter, 
2000; Davey and O’Toole, 2000). In relevance to activated sludge physiology, vicinity 
of an activated sludge flock or aggregate provides a substrate-rich environment, due 
to presence, function, and properties of the EPS matrix, and becomes a site of 
attraction where growth is facilitated. This is especially in favor of bacteria, with low 
affinity (high KS) for available substrate thus requiring high substrate concentrations 
(so called the r-strategists), which experience growth-limiting low concentrations in 
bulk phase, as is the case in activated sludge systems. The result is localization of 
more cells on microbial aggregates, and further aggregation.  
As a summary, in an activated sludge environment providing a low apparent F/M 
ratio, both the r-strategist with low substrate affinity (high KS), thus requiring 
relatively high concentrations, and the KS-strategists with high substrate affinity (low 
KS), thus able to grow at relatively low concentrations, have the chance to survive 
and grow, but with different physiologies. Due to growth limitations, the r-strategists 
tend to grow in aggregates contributing to aggregative structure and sedimentary 
physiology, whereas the KS-strategists grow in planktonic physiology preferring the 
bulk phase. This line of explanation is the basis for conventional classification of 
activated sludge microflora into flock-formers being the r-strategists, and filamentous 
microorganisms being the KS-strategists. 
Total depletion of externally available substrate, in other words starvation, is the 
extreme case of low substrate availability. Microorganisms require developing 
strategies to survive under such unfavorable conditions. Some of these tactics 
involve entering to a state with significantly decreased rates of overall metabolic 
activity, but still maintaining substrate uptake capacity via increasing affinity (low KS) 
for substrate and decreasing substrate specificity, as well as changing direction of 
their metabolic activities from anabolic (growth-related) to catabolic (energy 
producing and non-growth related) processes, altering budgets of intracellular 
storage pools, decreasing cell size and volume, etc. (Kjelleberg and Hermansson, 
1984; Kjelleberg et al., 1987). 
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One of these survival strategies under starvation conditions, in relevance to 
changing cell physiology, is postulated to grow in a surface-associated life cycle 
promoted with an increased adhesion capacity (Kjelleberg and Hermansson, 1984; 
Kjelleberg et al., 1987), which is closely related with cell-surface properties like 
surface charges and hydrophobic characteristics. Decrease in available energy 
sources requires optimization of energy budgets and forces microorganisms to alter 
their metabolism to spend less energy. Hydrophobic interaction, which could be 
defined as the decrease in free surface energy associated with bringing two cells 
into contact or keeping them apart, is the resultant of such an alteration dictated by 
low energy supply. There are several pure culture studies showing that bacteria are 
capable of changing their surface properties when externally available substrate is 
exhausted, in a direction to increase their cell-surface hydrophobicity, yielding a 
decrease in repulsive forces, thus distance, between individual cells (Kjelleberg et 
al., 1987; Bossier and Verstraete, 1996, and references therein). This increase in 
hydrophobic characteristics is accompanied, in not all but most cases, by an 
increase in adhesion-aggregation abilities (Kjelleberg and Hermansson, 1984), all 
together contributing to aggregative physiology. 
It can be concluded from the above discussions that growth preferences and 
physiology of microorganisms are closely related, and establishment of substrate 
gradients, and as an extreme case, starvation conditions are in favor of an 
aggregative physiology, a trait remarkably desirable for successful activated sludge 
applications. Creating sharp spatial and/or temporal substrate gradients, i.e. feast-
famine cycles, via plug flow operation or intermittent feeding, is reported to result in 
attaining biomass with enhanced settling properties (Bossier and Verstraete, 1996; 
Chiesa et al., 1985). In fact, this constitutes the practical basis for one of the 
strategies, the kinetic selection strategy, to control filamentous-bulking in activated 
sludge systems. Establishing a well balanced composition of the microbial consortia 
is considered to be the main prerequisite for maintaining compact biomass with 
good settling properties. This could be realized by couple of strategies. Among 
these strategies, kinetic selection is a preventive measure, and can be described as 
creating conditions for one group of bacteria to outcompete another group, in an 
environment where both groups utilize same substrates through similar metabolic 
pathways. Kinetic selection favors growth of flock-formers via creating an advantage 
for them, but does not necessarily prevent filamentous-growth. Rather, it has an 
indirect influence on the filaments, resulting in their suppression. Establishment of 
conditions to promote substrate utilization and growth of flock-formers over that of 
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filaments relies on regulating the substrate flux such that more substrate will be 
available for the former and less for the latter (Wanner, 1994).  
Majority of filamentous organisms causing bulking problems in activated sludge 
systems are KS-strategists, thus are able to grow at low substrate concentrations, 
and are fast-growers utilizing preferably low molecular weight compounds at high 
growth rates. Considering also the fact that apparent F/M rates (mg COD per mg 
biomass per day) are considerably low in conventional activated sludge systems, 
these kinetic advantages enable filaments to outcompete the r-strategists, the flock-
formers, who have lower affinity for external substrates and thus need higher 
substrate concentrations to grow. This could be reversed by applying a selective 
pressure in favor of flock-formers via introducing a high initial biomass- or flock- 
loading (Sİ/Xİ ratio; mg COD per mg biomass) to the system, translating into a high 
substrate gradient thus creation of a feast-famine regime.  
In a system experiencing a feast-famine sequence, in other words a kinetic selection 
pressure, fast and direct growth on externally available substrate proceeds together 
with rapid conversion of external substrate into intracellular storage products, the 
latter depending on the strength of substrate gradient (feast and C-storage phases), 
and upon depletion of the external substrate growth continues on intracellular 
storage products at a lower rate (famine phase) due to reduced and polymeric 
nature of the storage compounds. Such kind of a regime selects for slow-growing 
microorganisms with the ability to store external substrate and to continue growing 
on internal C-sources, and results in a decrease in overall growth rate of the system. 
In conventional activated sludge systems, where majority of the externally available 
substrate is utilized under aerobic conditions, kinetic selection is considered as the 
primary mechanism selecting for well-settling flock-formers (Wanner, 1984). It 
should be emphasized at this point that kinetic selection via establishment of 
substrate gradients works successfully when primary target is C-removal and the 
only factor limiting or influencing bacterial growth is availability of the C-source, but 
not any other factor. Thus, this strategy can be used to favor flock-formers (or good 
settling biomass) in totally aerobic C-removing systems, but does not necessarily 
guarantee elimination of filamentous organisms (or poorly settling biomass), if the 
process is not strictly optimized, i.e. in case of occurrence of or need for low 
dissolved oxygen (DO) conditions. In fact, proliferation of filamentous organisms is a 
common problem at low DO levels.  
Instead, filamentous or fast-growing organisms with poor settling properties can be 
cut off from the system via metabolic selection, which can be described as providing 
28 
conditions for selection of certain groups of microorganisms which have the 
metabolic advantage of obtaining energy from more than one metabolic pathway 
(Wanner, 1984). Capability to store external C-source when exposed to high 
substrate gradients and then ability to grow on these intracellular C-storage products 
upon exhaustion of external sources unveils a metabolic pathway different than that 
for rapid growth on external substrate. Consequently, C-storage phenomena form 
the basis where kinetic selection meets metabolic selection.  
In relevance to aggregative and sedimentary physiology, main objective of metabolic 
selection is to select for slow-growing organisms upholding enhanced settling 
properties. Nutrient removal systems are good examples where metabolic selection 
prevails and the delicate balance of kinetic selection and extreme measures of 
hydraulic selection become less important (de Kreuk et al, 2005c). Apparently, 
metabolic selection in such systems serves for achieving dominance of biomass 
with the ability (metabolism) to remove either nitrogen, or phosphorus, or both.  
Nitrifiers and phosphorus accumulating organisms (PAOs) are known to have lower 
maximum growth rates (µmax= 1 d-1 for both groups) than ordinary heterotrophs 
(µmax= 6 d-1) (Henze et al., 1998), thus they are considered as slow-growers. 
Moreover, PAOs have the ability to convert all of the externally available C-source to 
intracellular C-storage products under anaerobic conditions (in absence of external 
e-acceptor) and then to grow slowly on these internal storage products when DO is 
supplied to the system. These special metabolic features of PAOs provide an 
advantage for them to be selected under conditions of discontinuity. 
2.3.2.2 Factors related with kinetic and/or metabolic selection pressures 
Feast-famine sequence, volumetric substrate loading rate, strength of the substrate 
gradient at the feast phase, length of famine phase, level of dissolved oxygen at the 
aerobic phase, and method of substrate dosing in relevance with presence or 
absence of an external terminal e-acceptor can be listed as the main factors related 
with kinetic and/or metabolic selection pressures exerted on the biomass. 
Volumetric substrate loading rate (kg COD/m3.day), when considered alone, may 
not be considered as a comprehensive parameter, because the influence of this 
parameter on aerobic granulation depends on the way the substrate is dosed to the 
system or in other words the frequency and strength of loading. Moreover, it is 
possible to consider the effect of substrate loading rate forming an interface 
between hydraulic- and kinetic/metabolic-selections influencing aerobic granulation.  
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A feast-famine sequence, comprising the basis of kinetic selection pressure through 
creating conditions for slow-growth in addition to the rapid one, thus resulting in a 
decreased overall growth rate, consists of two phases that could be roughly 
described as the periods when an external substrate is present (feast phase) and 
absent (famine phase). It is possible to create a feast-famine sequence by 
establishing a plug-flow regime, which promotes spatial substrate gradient along the 
reactor via facilitating a high initial flock-loading (Sİ/Xİ) at the head of the reactor. 
Alternatively, application of pulse- or intermittent-feeding patterns, i.e. in an SBR, 
yield temporal substrate gradients, resulting in establishment of a feast-famine 
regime.. In a C-removing system which is pulse-fed (promoting high initial flock-
loading, thus high substrate gradient) and continuously aerated (oxygen present at 
all times, at unlimited quantities), a feast phase is realized during which fast and 
direct growth on externally available C-source is accompanied by aerobic C-storage 
(extent of the latter being dictated by strength of substrate gradient), and upon 
exhaustion of the externally available substrate growth continues at the following 
famine phase during which intracellular C-storage products serve as the C-source 
for growth, together resulting in a system slowed down in terms of overall growth 
rate. Apparently in such systems, kinetic selection is the main pressure promoting 
proliferation of slow-growing organisms growing in aggregative physiology, hence it 
is the prime factor in maintaining an aerobic granular biomass. 
In addition to the strength of substrate gradient at the feast phase, the length of the 
famine phase is of significance for a successful selection. The famine phase should 
be long enough to let microorganisms exhaust their internal storage products. If 
these products are not depleted at the famine phase and recycled to the next feast 
phase, they might prevent further storage, simply because bacteria cannot afford the 
increase in osmotic pressure in case of keeping soluble external C-source inside 
their cells without converting it to storage products. All of these discussions 
underline the need for a proper balance between the feast, C-storage, and famine 
phases, in order to secure a successful kinetic selection pressure. 
In fully-aerated and pulse-fed C-removing systems, where granulation is endorsed 
through kinetic selection of slow-growing organisms (see Section 2.6 and 2.7 for 
selected literature review), the only growth-limiting factor is the C-source. On the 
other hand, limitation of another growth-related factor, for instance limitation of 
externally available terminal e-acceptor (i.e., DO), is suspected to disturb the 
balance between the feast and famine phases required for a successful kinetic 
selection, and have a deteriorating impact on the granulation process. This is simply 
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because application of a low DO concentration in combination with a pulse-feeding 
pattern results in elongation of the feast phase, and decreases the effect of kinetic 
selection pressure. In fact, there are several studies reporting loss of granule 
stability, disintegration of granules, growth of filamentous organisms on granules, 
and washout of biomass upon decreasing the DO concentrations in aerobic pulse-
fed systems (Dangcong et al., 1999; de Kreuk and van Loosdrecht, 2004; 
Mosquera-Corral et al., 2005). Application of a low DO level is a pre-requisite for 
effective denitrification, thus is of significance for a successful overall N-removal (de 
Kreuk and de Bruin, 2004). However, for instance Mosquera-Corral et al. (2005) 
stated that they were unable to obtain stable aerobic granular biomass in a pulse-
fed SBR operated for simultaneous nitrification and denitrification (SND) when the 
DO level was 40% of saturation, and they underlined the need for an alternative way 
of substrate dosage.  
It is possible to conclude that application of low DO concentrations, i.e., to maintain 
high overall N-removal efficiencies through SND performance or to decrease 
aeration-related operational costs in full-scale applications, without disturbing the 
structural integrity of aerobic granular biomass can only be feasible, if no external 
substrate is available when DO is introduced to the system. The latter translates into 
genuine separation of the time when external substrate is provided to the system 
and the time when growth takes place, which is possible only if the system is fed in 
the absence of oxygen (anaerobic conditions). Since direct and fast growth cannot 
proceed due to absence of oxygen, the system is then forced to convert all of the 
externally supplied substrate to intracellular C-storage products. Conversion of all of 
the externally available C-source into intracellular C-storage materials under 
anaerobic conditions, results in absolute elimination of the feast period, and 
moreover describes a metabolic selection pressure. 
In a system fed under anaerobic conditions, microorganisms with the metabolic 
capability of taking up and converting the external substrate in expense of energy 
derived not from the metabolism where oxygen is involved but from other metabolic 
activities, are metabolically favored and selected. This exactly recalls the 
biochemical conversion processes taking place in an SBR operated, i.e. for 
Enhanced Biological Phosphorus Removal (EBPR). In fact, PAOs fed under 
anaerobic conditions convert all of the externally available substrate into poly-
hydroxy-alkanoates (i.e., PHB), retrieving the energy required for the anaerobic C-
storage mechanism from their intracellular poly-P (and glycogen-) pools, and only 
after introduction of air to the system they start growing slowly on their intracellular 
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C-storage products, depositing the extra energy they gain from their aerobic 
metabolism into their intracellular energy-reserves; thus regenerating their poly-P 
(and glycogen-) pools (Chapter 3). Similarly, a discontinuity between time of feeding 
and growth can be created through metabolic selection of Glycogen Accumulating 
Organisms (GAOs), who differ from PAOs only in their energy supply for anaerobic 
C-storage metabolism. As stated above, PAOs derive their energy for anaerobic C-
storage from their intracellular poly-P and glycogen pools, whereas GAOs only from 
their glycogen pools. In summary, feeding a system under anaerobic conditions 
results in absolute elimination of the feast phase where rapid and direct growth 
takes place, and provides a metabolic selection pressure in favor of PAOs or GAOs, 
which together result in minimization of overall growth rate of the system. 
As a summary of all the above discussions on aggregative physiology, cell-surface 
hydrophobicity, adhesion capability, role of EPS, survival strategies of 
microorganisms exposed to low substrate concentrations or even starvation 
conditions, influence of substrate gradients, importance of a feast-famine sequence, 
significance of slowing down the whole system; an SBR can be considered as the 
most convenient reactor configuration to maintain an aerobic granular biomass since 
this configuration enables to establish a feast-famine regime (in fully-aerated 
systems) through application of sharp substrate gradients, thus suppressing the 
poorly-settling fast growing filamentous organisms via kinetic selection, or to 
separate the period of substrate feeding and the period of growth (in anaerobically-
fed systems), thus eliminating them via metabolic selection, and in both cases 
favoring selection of slow-growing organisms with good settling properties.. In fact, 
after preliminary observations reporting formation of aerobic granular biomass in 
EBPR systems (Dulekgurgen et al., 2001; Zhu et al., 2002; Dulekgurgen et al., 
2003a), most stable aerobic granular biomass were reported to be cultivated under 
metabolic-selection pressure in SBRs operated for EBPR (de Kreuk and van 
Loosdrecht, 2004; de Kreuk and de Bruin; 2004; de Kreuk et al., 2005b,c). 
2.4 Who, Why, and How to Grow in Adhesive/Aggregative Physiology: the 
Biofilm Case 
Up to this point, description and role of external stimuli with regard to adhesive/ 
aggregative physiology are provided. Microbial interactions (i.e., competition 
between KS- and r-strategists; metabolic selection of PAOs, etc.) are briefly 
mentioned at the subsections on kinetic- and metabolic-selection pressures 
influencing this kind of physiology. However, from a microbiological point of view, 
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three questions are still to be answered: (i) who grow in/prefer surface-associated 
(biofilms) and/or aggregative (granules) life forms, (ii) why do they prefer that kind of 
a growth environment, (iii) how do they grow/survive in adhesive-aggregative physiology? 
Being a type of biofilm formation and similar to the anaerobic granules, an aerobic 
granule, if not a single-species formation which is very unlikely to occur in 
engineered applications like biological wastewater treatment processes, is a 
compact and complex microbial structure housing different microbial populations. 
Especially when the target is the simultaneous removal of different wastewater 
constituents, like organic matter, ammonia, oxidized nitrogen forms, and/or 
phosphate, etc., aerobic granules are expected to be inhabited by distinct groups of 
microorganisms assigned for separate, yet in some ways related, biochemical 
conversions. In such complex multi-cellular and multi-species environments 
requiring a collective behavior, the metabolic requirements and biochemical 
conversion intermediates and/or products of one microbial population can interfere 
either positively or negatively with those of another functional microbial group. 
Besides, diffusion limitations dictated by concentrations and gradients of C-donors, 
e-donors, and terminal e-acceptors, as well as by diffusion depths -in other words 
size of aerobic granules-, influence not only microbial composition of aerobic 
granules, but also granule architecture, that is spatial distribution of different 
functional groups inside aerobic granules. Hence with a very general perspective, 
exploring microbial community structure in aerobic granular biomass with respect to 
identity and function is of significance to address the following issues: 
• monitoring evolution of the microbial community from floccular inoculum to 
granular form, no matter what the selection pressure is, either hydraulic, or 
kinetic, or metabolic 
• monitoring microbial shifts during granulation and also in parallel with changes in 
operational conditions of aerobic granular biomass systems to correlate changes 
in granule stability and biodiversity 
• determining microbial groups mainly responsible for the observed biochemical 
conversion processes 
• confirming presence of special functional groups, like PAOs, GAOs, nitrifiers, 
denitrifiers, Anammox bacteria, etc: monitoring microbial shifts in parallel with 
changes in operational conditions of aerobic granular biomass systems to 
correlate changes in conversion efficiencies and biodiversity 
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• exploring the possibility of incorporating microorganisms of interest with targeted 
metabolic functions into already cultivated aerobic granules and also the 
possibility of maintaining them in such systems. 
As stated earlier, aerobic granular biomass is an emerging alternative biological 
wastewater treatment technology with a great potential, and it has been studied 
intensively during the last decade mainly with respect to the engineering application 
traits and to some extent with respect to the metabolic behaviors. On the other 
hand, very few studies have been conducted to enlighten the extent of biodiversity in 
conjunction with microbial functions in aerobic granular biomass. This limited 
number of studies will be discussed in details in Section 2.8. Though, to clarify the 
need and address the degree of contribution of exploring the microbial community 
structure as well as function, in order to be able to further understand and if possible 
manage and even manipulate aerobic granular biomass formation, the intensively 
studied and enlightened “biofilm case” will be a good starting point. Remembering 
the description of aerobic granules, or granules in general, as forms of biofilm 
without substrata, it might be possible to extend the microbiological facts and 
theories of biofilm structure, formation, and function to show the potential and 
possible extent of future work on clarification of microbial community structure and 
function of aerobic granular biomass. 
The papers presented by Pratt and Kolter (1999), Watnick and Kolter (2000), and 
Davey and O’Toole (2000) provide excellent reviews on ecological, microbial, 
molecular, and genetic aspects of biofilm formation and construct the basis of this 
section dedicated to offer answers to the questions of who, why, and how to grow in 
adhesive-aggregative physiology.  
Although planktonic physiology as a unicellular free-floating or free-swimming life 
style is valid for bacteria, this kind of a growth occurs rarely in natural microbial 
habitats and most of the microorganisms prefer a surface-associated life style of 
being embedded in a complex microbial matrix –the biofilm- which provides a 
favorable growth environment and resistance to be washed out of the system 
(Davey and O’Toole, 2000; Watnick and Kolter, 2000). Moreover, the planktonic 
physiology is speculated to be a transient state of existence occurring in between 
surfaces, that is after detachment from one surface with decreased or depleted 
advantages and before attachment to a new growth-favoring surface (Watnick and 
Kolter, 2000). In fact, upon acceleration of recent advances in molecular techniques, 
which have tremendously affected microbiological studies via enabling culture-
independent and in situ evaluations, thus allowing conventional microbiology to find 
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its roots at a molecular level, direct observation of complex microbial communities in 
the form of biofilms as the dominant life-style in various natural habitats as well as in 
engineered systems, has changed the view of microbiologists about bacteria 
attaining a unicellular life form -a bias originating from traditional pure culture studies 
carried out with liquid media (Davey and O’Toole, 2000). In contrast to a unicellular 
planktonic existence left predominantly in the hands of randomness, a biofilm 
ecosystem is defined as a multi-cellular way of life enabling individual cells to 
function as an integral part of a population (multi-cellular existence originating from a 
single-species or from functional groups with similar metabolic activities) or a 
community (multi-cellular existence arising from multiple-species or from different 
functional groups with distinct though preferably complementary metabolic 
activities), which is more realistic and most of the time more favorable in complex 
environments. No matter if of single-species or multi-species origin, but in any case 
as a form of multi-cellular existence, biofilm formation, structure, and function arise 
from a deliberate co-existence and require a collective behavior at many levels 
through coordination with, interaction of, and communication between multiple cells, 
if not multiple species, resulting in a high level of organization (Davey and O’Toole, 
2000; and references therein). 
Thanks to their incomparable metabolic flexibility and phenotypic plasticity, both 
rendering adaptation to a wide range of growth conditions, the prokaryotic cells can 
survive and proliferate not only in all ecosystems suitable for higher organisms, but 
also in numerous environments hostile to the latter (Davey and O’Toole, 2000). After 
translocation to a more favorable growth environment, highly coordinated collective 
behavior of bacteria, at a multi-cellular and most of the time multi-species level, as 
revealed in adhesive-aggregative physiology of a biofilm ecosystem, provides an 
efficient way of living.  
For adaptation and as a starting point for such kind of an efficient existence and 
functioning, one of the most important survival strategies of bacteria is the ability to 
position themselves within a growth-favoring microenvironment, through various 
mechanisms of adhesion and/or aggregation. Among these mechanisms, flagellar 
motility is an important one facilitating bacteria to approach to the attachment 
surface. After this initial step, other means of surface-associated motility, like 
twitching, gliding, darting, sliding, as well as further flagellar- and pillar-motility, 
enable a bacterium search for a location to stabilize and colonize, preferably in close 
proximity of other bacteria, where it can benefit from the metabolic and phenotypic 
versatility provided in the vicinity. There are also other mechanisms, different than 
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motility, favoring attachment and aggregation in motile Gram-negative bacteria, and 
some other in non-motile Gram-positive microorganisms. Not all but some of these 
mechanisms include change of buoyancy, synthesis of carbohydrates, production of 
magnetosomes (Davey and O’Toole, 2000), transcription of phase-variable 
regulated polysaccharide/adhesin capsules, expression of other phase-variable 
adhesins and/or motility transcripts (Pratt and Kolter, 1999), as well as expression of 
certain outer-membrane proteins mediating and quorum-sensing molecules 
communicating adhesion, zonation, and aggregation (Davey and O’Toole, 2000).  
Among these other mechanisms, synthesis of carbohydrates, transcription of phase-
variable regulated polysaccharide/adhesin capsules, expression of other phase-
variable adhesins and certain outer-membrane proteins can be related with the 
EPS-matrix, which offers shelter from adverse external effects and provides a 
nutrient-rich- or in general a growth-favoring environment for the residing 
microcolonies and bacterial aggregates. However, one should be cautious in 
evaluating the relation between EPS-matrix and biofilm formation and structure, 
since this matrix is a lump-sum of different extracellular biopolymers and molecules 
(ExoPS, ExoPN; humic substances, nucleic acids, etc.), which are produced in 
different compositions and in different amounts in a biofilm community experiencing 
different environmental conditions, as well as in different biofilm communities with 
different microbial compositional structures and functions. Nonetheless, the 
metabolic, molecular, and genetic studies have so far showed that EPS-matrix is the 
abiotic and crucial component of mature biofilm-physiology, serving as a backbone 
where more cells can embed; acting as an ion-exchanger preventing access of 
antimicrobial agents -like hydrophilic and positively charged antibiotics-, as well as 
decreasing accessibility of chlorine, detergents, etc. to the depths of biofilm; 
sequestering metals, cations and toxins; providing protection against environmental 
stresses like UV radiation, pH fluctuations, osmotic shocks, desiccation; stabilizing 
flagellar and/or pillar motility after the initial surface-contact and micro-colonization, 
etc. (Pratt and Kolter, 1999; Davey and O’Toole, 2000; Watnick and Kolter, 2000; 
and references therein).  
Although, there is no direct genetic evidence showing that the down-regulation of 
flagellum synthesis and up-regulation of the genes involved in ExoPS production are 
linked with each other through a signal transduction mechanism, rather than being 
associated in a stochastic manner, observation of a considerable increase in ExoPS 
production upon acquiring a surface-attached growth state facilitated by stabilization 
of motility-providing units and further loss of flagella, reveals a close relationship 
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between these two phenomena (Davey and O’Toole, 2000). Moreover, expression 
of outer-membrane proteins, like adhesins, is suggested as a mechanism to further 
enhance stable adhesion upon arrival to the attachment-surface facilitated with 
motility mechanisms as in motile-cells, and also as a crucial mechanism enabling to 
bypass the need for motility for surface interaction for non-motile cells. Yet, 
intercellular and external signals triggering this kind of a transcription remain to be 
illuminated (Pratt and Kolter, 1999). 
Bacteria exert metabolic traits in adhesive-aggregative physiology different than 
those they have when living in planktonic physiology (Davey and O’Toole, 2000). In 
fact, genetic studies have showed that different genes are transcribed in planktonic- 
and adhesive/aggregative-physiologies, and transcription of certain genes believed 
to favor biofilm formation, i.e. algC gene involved in production of alginate- a type of 
ExoPS in Pseudomonas aeruginosa, are at much higher levels in the biofilm-mode 
of life than in planktonic physiology (Watnick and Kolter, 2000; and references 
therein). Moreover, microorganisms constituting single-species biofilms have the 
ability to alter their transcription mechanisms to optimize adaptation to their 
microenvironment (Watnick and Kolter, 2000). In other words and based on some 
environmental parameters, like type of available substrate or type of attachment-
surfaces, they can exploit multiple genetic pathways to grow in a biofilm physiology 
(Pratt and Kolter, 1999; Davey and O’Toole, 2000; and the references therein). 
Furthermore, some microbial groups in a multi-species biofilm matrix are reported to 
coexist even with their competitors, via altering their metabolic pathways to adapt to 
the conditions (Davey and O’Toole, 2000; and references therein).  
Importance of environmental stimuli on initiation of biofilm formation and further 
structural stabilization has been apparent to the researchers; however, no genetic 
evidence providing a molecular link between the environmental signals and the 
choice between planktonic- or adhesive/aggregative-physiologies had been 
available (Bossier and Verstraete, 1996) until recently. This kind of a link came in 
the year 2000: the crc gene of Pseudomonas aeruginosa, which was previously 
determine as the location for expression of Crc protein responsible for repressing 
the sugar metabolism in the presence of organic acids, thus involved in sensing the 
carbon source, has also been established as the location for expression of proteins 
and accessories related with pili-synthesis, thus involved in biofilm formation (Pratt 
and Kolter, 1999; Davey and O’Toole, 2000; and references therein). 
Another equally important phenomenon in biofilm formation and structure is 
suggested to be cell-to-cell communication, or in other words intercellular signaling. 
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For cell-to-cell communication, bacteria produce special molecules, named quorum-
sensing molecules, which diffuse away from one cell upon synthesis and enter 
another. Apparently, a planktonic physiology rendering a high level of randomness 
makes it very difficult to communicate, since in such mode of existence, quorum-
sensing molecules are likely to be swept away prior to finding a chance of reaching 
to other cells. For an effective intercellular communication, bacteria need to be 
positioned in close proximity with their neighbors. A biofilm-type physiology provides 
the environment for close interaction, thus enhances the effectiveness of cell-to-cell 
communication. In fact, production of acyl-homoserine lactones (acyl-HSLs), one 
type of quorum-sensing molecules, in single-species biofilms of P. aeruginosa have 
been shown to direct construction of a well-organized surface community and three-
dimensional biofilm architecture via regulating zonation on attachment-surface 
(Davey and O’Toole, 2000; Watnick and Kolter, 2000). Moreover, higher acyl-HSL 
production in denser biofilms underlines involvement of these quorum-sensing 
molecules in biofilm architecture and maturation (Pratt and Kolter, 1999).  
In their excellent conceptual mini-review, Watnick and Kolter (2000) also emphasize 
that cell-to-cell communication in multi-species biofilm systems are likely to be much 
more complicated than that in single-species systems, probably due to heavier 
competition among different species or functional groups challenged for attachment 
to the surface where each of them finds the best location with respect to the most 
growth-favoring conditions, as well as with respect to their neighbors that they can 
cooperate with. The authors further speculate that several microbial metabolites 
involved in competitive and/or complementary-syntrophic metabolisms, acyl-HSLs, 
secreted proteins, genetic materials -whether involved in horizontal gene transfer or 
not-, and any other in hitherto bio-molecule might be the means of intercellular 
signaling in multi-species biofilm systems and might passively or actively act as 
quorum-sensing molecules dictating the distribution of microbial groups relative to 
their neighbors, altering protein expression of neighbors at close proximity, attracting 
and incorporating new microorganisms to the biofilm matrix, etc.; eventually all 
contributing to biofilm architecture.  
As apparent from the above discussions, both environmental parameters and 
microbial properties and needs; i.e., attachment-surface properties, any growth 
limiting factor like nutrient and/or e-acceptor availability, hydrodynamics or other 
physical constrains, cell-surface properties, microbial community composition, 
competitive and/or syntrophic interactions, need for protection from any menace, 
etc, are considerably affecting, if not dictating, the process of transition from 
38 
planktonic to adhesive/aggregative physiology, as well as influencing the structure of 
biofilm. Hence, the resulting general biofilm structure after the above mentioned 
initial mechanisms and further interactions is not a continuous monolayer, but rather 
a heterogeneous structure with microcolonies and patches of cell aggregates 
encapsulated in an EPS-matrix, and separated by water channels which serve as 
recirculatory systems for the influx of materials of nutritional and other metabolic 
requirements and outflux of metabolic intermediates, as well as other microbial 
products (Pratt and Kolter, 1999; Davey and O’Toole, 2000). The spatial distribution 
of microcolonies and patches of cell aggregates are not coincidental, but is a result 
of highly organized interactions for metabolic cooperation of multi-species in close 
proximity which enable efficient substrate exchange among different species and 
dissemination or cooperative elimination of metabolic products. 
Most widely studied and best example of such a cooperative existence is revealed in 
multi-species architecture of anaerobic granules. As stated earlier, bio-conversion of 
complex organic materials to most oxidized and most reduced forms of carbon (CO2 
and CH4, respectively), through anaerobic metabolism requires a strict cooperative 
and step-wise performance of three distinct functional groups, being fermenters, 
acetogens, and methanogens, originating from phylogenetically distinct micro-
organisms. Fermenters convert incoming organic materials to organic acids and 
alcohols, which then serve as substrate for ‘hydrogen and formate-producing’ 
acetogens. Final actors of this cooperative metabolism are the methanogens 
consuming produced hydrogen, formate, acetate, and CO2, and producing CH4 in 
the absence of oxygen. A biofilm, or a granular physiology, in which distinct 
microbial groups can locate themselves in the vicinity of their syntrophic associates, 
not only enables efficient distribution of substrate and metabolites which results in a 
more efficient metabolic activity for each member of the multi-species consortium 
(Davey and O’Toole, 2000), but also helps overcome the thermodynamic constrains 
of keeping the reduced metabolites at decreased amounts (Batstone et al., 2004). In 
fact, this kind of a mutual dependency among these groups are considered as one 
of the most influencing factors in formation and maintenance of anaerobic granules 
and for the three-layer granule architecture (fermenters at the outer layer, syntrophic 
acetogenic and metahanogenic consortium at the middle-layer, and aceticlastic 
methanogens in the core) (Batstone et al., 2004; Davey and O’Toole, 2000; and 
references therein). 
Another example of syntrophic co-existence could be the one observed in the 
aerated systems where simultaneous nitrification and denitrification (SND) occur. 
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SND is very unlikely to occur in an aerated system sustaining a solely planktonic 
physiology, since presence of dissolved oxygen (DO) suppresses denitrification. 
Autotrophic-aerobic conversion of ammonia to nitrite and nitrate through nitrification 
and heterotrophic-anoxic conversion of nitrate to N2 through denitrification are more 
likely to occur simultaneously in systems where diffusion limitations are significant 
and microbial stratification is possible. Nitrifiers use DO as their terminal e-acceptor 
and oxidize ammonia (their e-donor) to nitrite and nitrate, using carbon dioxide as 
their C-donor. The produced nitrate can be used as the terminal e-acceptor by the 
denitrifiers, who grow on organic matter as their C- and e-donors, only if nitrate, 
rather than DO, is readily available at their vicinity. It is possible to achieve an 
anoxic microenvironment in an aerated system if the denitrifiers can position 
themselves in close proximity of the nitrifiers- their cooperative neighbors producing 
nitrate, and also away from DO present in the bulk liquid. This kind of a cooperative 
metabolism and structural behavior calls for a double-layer biofilm- or granule-
architecture with the outer-layer resided by nitrifiers since this layer is more 
susceptible to the bulk liquid where ammonia and DO are readily available, and an 
inner-layer inhabited by denitrifiers where the latter are not only sheltered from the 
DO in the bulk liquid because of diffusional limitations and consumption of DO by 
the nitrifiers at the outer-layer, but also are provided by the nitrate from the nitrifiers 
(Beun, 2001; de Kreuk et al., 2005a). In brief, simultaneous nitrification and 
denitrification requires the cooperative behavior of nitrifiers and denitrifiers in close 
proximity with each other, which in practice translates into a biofilm- or granular-
physiology providing a more efficient way of existence and functioning for both 
microbial groups with distinct metabolic requirements and functions. Concomitantly, 
it is possible to state that this kind of a multi-species microbial organization is 
dictated both by environmental factors (like presence and level of DO) and by 
metabolic characteristics being more efficient in a syntrophic interaction. 
Based on the discussions about the “Biofilm-Case”, some important points can be 
summarized as follows:  
• Until recently, the adhesive/aggregative physiology translating into the biofilm-
mode has been underrated, primarily due to the bias introduced by pure-culture 
studies carried out in liquid media supporting a unicellular planktonic physiology. 
However, surface-associated/aggregative mode of life has been dominantly 
observed both in natural habitats and in engineered environments, pointing to 
the outstanding ecological significance of such kind of an existence and 
functioning. 
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• Both environmental conditions (external stimuli, stresses, etc.) and microbial 
interactions (microcolonization, zonation, competitive and/or complementary-
syntrophic metabolisms, etc.) have been first suspected and then determined to 
influence, if not to dictate, formation and structure of biofilm systems, no matter 
being of single-species or multi-species origin. 
• Advanced molecular studies have so far provided some degree of insight for 
biofilm formation and structural organization with regard to microbial community 
composition and function, as well as with regard to environmental conditions. 
• However, there are still many points to be clarified via advanced molecular 
studies in conjunction with biochemical evaluations to further enlighten 
especially how different groups in multi-species biofilm communities function and 
why and how they interact with, communicate to, and exert influence on each 
other. 
The following part of the literature survey chapter consists of a comprehensive 
comparative survey on aerobic granulation both with an engineering perspective and 
from a microbiological point of view. Sections 2.5, 2.6, and 2.7 are dedicated to 
comparative review of several studies, including fundamental and most recent works 
on aerobic granulation, which were selected, grouped, and evaluated in an attempt 
to correlate operational conditions with observed changes in indicative parameters 
of granulation. These studies are grouped, according to their main focus, under 5 
inclusive titles of “Hydraulic Selection- Low TS or High vmin (Table 2.1), Hydraulic 
Selection- High Shear Stress (vS) (Table 2.2), High COD-loading (Table 2.3), Kinetic 
and/or Metabolic Selection (Table 2.3), and Metabolic Selection (Table 2.5)”. All the 
operational conditions believed to be significant with respect to granulation and 
applied in the evaluated studies are also given in Tables 2.1 to 2.5 to provide ease 
in comparative assessment. The data reported by the researchers in these studies 
were used to construct the qualitative graphs, which are given in Figures 2.1 to 2.18, 
and were comparatively evaluated to clarify the role and/or significance of the 
operational conditions on the faith of indicative parameters for granulation, and thus 
formation and stability of aerobic granular biomass. Section 2.8 is dedicated to the 
review of the limited literature available on microbial community structure and 
function in aerobic granular biomass systems determined by application of 
advanced molecular techniques.  
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2.5 Hydraulic Selection Pressure Influenced Aerobic Granulation 
2.5.1 Effect of low settling time (TS) or high settling velocity (vmin) 
As stated in Subsection 2.3.1.2, selection of particles according to their settling 
velocities has been considered as an important factor for initiation of granulation 
both in anaerobic and in aerobic systems. Operational time allowed for the biomass 
to settle (TS) before the effluent is extracted from a certain height (Hmin; cm), dictates 
a minimum settling velocity (vmin= Hmin/TS; cm/min), and only the biomass particles 
that can travel the distance from top to effluent extraction point within a time span 
equal or smaller than the operationally determined settling time, remain in the 
reactor. Thus, application of a low operational settling time imposes an indirect 
selective pressure, causing the slowly settling floccular biomass to be washed out 
and the rapidly settling biomass aggregates to be retained in the reactor. Applying 
low TS values was considered as an operational strategy to support the initiation 
and/or further formation of aerobic granulation in the studies reviewed below. 
In order to determine the influence of TS on aerobic granulation, Qin et al. (2004a) 
started-up four identical column-type SBRs with a poorly settling floccular biomass 
(mean flock size= 0.11 mm, SVI= 230 mL/g) from a conventional activated sludge 
(AS) treatment plant, and operated the reactors under the same operational 
conditions, except for TS (Table 2.1). They applied a different TS value (20, 15, 10, 
and 5 min), thus a different vmin value (3.2, 4.2, 6.4, and 12.7 cm/min, respectively) 
in each reactor (Table 2.1). They reported the appearance of first aerobic granules 
(dgra= 0.35 mm) after 7-10 days of start-up, and successful cultivation of aerobic 
granules after 3 weeks of operation in the reactor with the lowest TS of 5 min (thus 
highest vmin of 12.7 cm/min). Although, the authors did not report the steady-state 
values of average granule diameters (dgra), they stated that the lower the applied TS, 
the higher the dgra values in their reactors (Qin et al., 2004a). Moreover, in their 
following publication (Qin et al., 2004b), they reported for the same experimental 
set-up that, after reaching the steady-state in three weeks, the percent (v:v) of 
aerobic granules with dgra values higher than 0.35 mm in the SBRs operated with 20, 
15, 10, and 5 min settling times were 10%, 15%, 35%, and 100%, respectively. 
Thus, they concluded that hydraulic selection pressure via applying a low TS was a 
decisive factor not only in the initiation of aerobic granulation, but also in the degree 
of granulation, that is the percentage of aerobic granules with respect to the 
suspended floccular biomass (Qin et al., 2004a,b).  
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To further confirm the effect of settling time on aerobic granulation, and to explore 
the possibility of creating a positive effect in terms of increasing the percentage of 
aerobic granules in the reactors operated with long settling periods, the authors 
continued their experiments with the same reactors, and decreased the TS values in 
three SBRs, from 20, 15, and 10 min to 5, 2, and 1 min, respectively. The result was 
immediate and total washout of the floccular fraction of reactor contents, followed by 
re-stabilization of biomass in two weeks and eventual dominance of aerobic 
granules in all reactors. Decreasing the settling time in these reactors also resulted 
in decreased SVI and increased % hydrophobicity values (Figure 2.1). The authors 
concluded that the time allowed for the biomass to settle should be shorter than 5 
min in aerobic granular systems. The data and results reported by Qin et al. 
(2004a,b) were used to construct a qualitative relationship between the applied TS 
values and the indicative parameters of aerobic granulation.  
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1: Graph constructed from the data reported by Qin et al. (2004a,b). For 
SVI and % hydrophobicity values, the solid marks are for values before (Qin et al., 
2004a) and the transparent marks are for values after (Qin et al., 2004b) shifting 
settling times in the corresponding reactors.  
As can be seen from Figure 2.1, the lower the settling time (thus the higher the vmin) 
the lower the SVI values, thus the better the biomass settling and compactness, and 
the higher the %hydrophobicity values. As stated earlier, an increase in cell-surface 
hydrophobicity usually coincide with initiation and progress of aerobic granulation. 
ExoPS/ExoPN ratio has a trend similar to %hydrophobicity. Finally, dgra values have 
an increasing trend with decreasing TS, thus increasing hydraulic selection pressure. 
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However, the latter should be evaluated with caution, since opposite relations have 
frequently reported in aerobic granulation literature, as reviewed later in this section. 
McSwain et al. (2004a) operated two identical column-type SBRs for aerobic C-
removal, with the operational parameters given in Table 2.1. They applied an 
unmixed-unaerated 90 min filling period prior to 120 min of aerobic react phase, and 
operated one reactor (R1) with 10 min and the other (R2) with 2 min settling time. 
They reported that TS value of 2 min caused rapid washout of floccular biomass in 
R2 for two weeks upon start-up, resulting in a dramatic decrease in MLSS, whereas 
biomass concentration increased continually in R1 with 10 min settling time. They 
observed the first granules within 1 week of operation, and reported a mixture of 
aerobic granules and suspended flocks in both reactors within 52 days. However, 
the biomass characteristics with respect to granulation (and community structure; 
see Subsection 2.8.2) were reported to diverge after 80 days. High hydraulic 
pressure in R2 (TS= 2 min) resulted in further washout of floccular biomass and 
dominance of compact aerobic granules (MLSS= 8.8 g/L, SVI= 47 mL/g at steady-
state). On the other hand, aerobic granules always co-existed with floccular biomass 
in R1 with 10 min settling time (MLSS= 3 g/L, SVI= 115 mL/g at steady-state). 
Similar values reported for parameters related with conversion processes suggested 
that biomass cultivated under different hydraulic selection pressures were similar in 
terms of the conversion processes.  
Different than Qin et al. (2004a,b), McSwain et al., (2004a) recorded same 
ExoPS/ExoPN ratios for both biomass (0.15 mg glucose/mg BSA; and considerably 
lower than those reported in aerobic granular literature in general). ExoPS and 
ExoPN values of the granular biomass (R2) were higher than those of mixed 
biomass (R1), and contribution of ExoPN of the granular biomass to overall EPS 
(measured as TOC) was much higher than that of the mixed biomass This conflict 
with the literature was attributed by the authors to application of different EPS-
extraction methods in different studies. Finally, McSwain et al., (2004a) concluded 
that although granules were formed in both reactors operated under the same shear 
stress (vS= 1.2 cm/s), a low TS (2 min) was the decisive factor in attaining a totally 
granular biomass in the long run. Graph constructed from the data reported by 
McSwain et al. (2004a) is given in Figure 2.2. The positive influence of high 
hydraulic selection pressure (low TS) on aerobic granulation is apparent from the 
graph, which reveals lower SVI and higher MLSS values, in combination with higher 
%granules in the reactor operated with the lower settling time (2 min). 
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Derived from McSwain et al. (2004a)
0
2
4
6
8
10
12
14
16
0 2 4 6 8 10 12
Settling time; TS (min)
In
di
ca
tiv
e 
pa
ra
m
et
er
s
Lo
w
   
   
   
   
   
   
   
   
   
H
ig
h
%granules SVI (mL/g)
MLSS (g/L) ESS (g/L)
TOC (mg C/g SS) ExoPS (mg glucose/ gSS)
ExoPN (mg protein/ gSS)
 
 
 
 
 
 
 
 
 
Figure 2.2: Graph constructed from the data reported by McSwain et al. (2004a).  
To determine the influence of increasing the exchange ratio (via altering the effluent 
extraction height thus causing an increase in vmin values) on aerobic granulation, as 
well as on efficiencies of COD removal and simultaneous nitrification-denitrification 
(SND), Kim et al. (2004) operated a column-type SBR according to the operational 
parameters given in Table 2.1. The C-source was a mixture of glucose and acetate 
(2.5 kg COD/m3.d), and N-source was ammonia (0.12 kg N/m3.d). The reactor was 
operated with a 15 min filling time, followed by 4 hr and 45 min of an aeration period, 
during which the DO level was kept over 2 mg/L. The shear stress (vS= 0.32 cm/s) 
and settling time (TS= 45 min) applied by the researchers are quite relaxed 
compared to the ones reported in the aerobic granulation literature in general. The 
researchers started-up the SBR with a floccular biomass (size range: 0.08-0.15 mm; 
5 g MLSS/L; SVI= 210 mL/g) from a conventional AS treatment plant, operated the 
reactor with a vmin value of 10 cm/min (thus 30% exchange ratio), and obtained a 
totally granular biomass after 40 days of start-up. After reaching steady-state, the 
exchange ratio was increased from 30 to 35%, resulting in an increase in the vmin 
from 10 to 11.7 cm/min. The steady-state values were reported to change from 0.1-
0.5 mm to 1-2 mm for dgra, from 85 to 50 mL/g for SVI, and from 9 to 6 g/L for MLSS, 
pointing to further enhancement of granulation (Figure 2.3).  
The authors concluded that increasing the hydraulic selection pressure via 
increasing vmin resulted not only in enhancement of aerobic granulation, but also in a 
permanent improvement in COD removal efficiency (increased from 82 to 95%), as 
well as in denitrification capacity (increased from 78 to 97%) of the system, where 
nitrification efficiency remained constant (97%) (Figure 2.3). Yet it is suggested here 
that the observed improvement in denitrification capacity was not a direct  
46 
Derived from Liu et al. (2005a)
0
2
4
6
8
10
12
0 20 40 60 80 100
%Granular Biomass (mg/mg)
Hy
dr
au
lic
 s
el
ec
tio
n 
pr
es
su
re
 
pa
ra
m
et
er
s 
Lo
w
   
   
   
   
   
   
   
   
   
   
   
   
Hi
gh
Tw (min) Ts (min) Exch% vmin (cm/min)
Derived from Kim et al. (2004)
4
5
6
7
8
9
10
11
12
9.5 10 10.5 11 11.5 12
Settling velocity, vmin (cm/min)
In
di
ca
tiv
e 
pa
ra
m
et
er
s 
Lo
w
   
   
   
   
   
   
   
   
   
  H
ig
h
dgra (mm) SVI (mL/g) MLSS (g/L)
% COD removal %Nitrification %Dentirification
 
 
 
 
 
 
 
 
Figure 2.3: Graph constructed from the data reported by Kim et al. (2004).  
consequence of the higher vmin, but was due to the increase in dgra values resulting 
in higher anoxic volumes inside the granules being available for denitrification. 
Some of the recent studies on application of low TS or high vmin for initiation and 
maintenance of aerobic granulation have been reviewed by Liu et al. (2005). One of 
the conclusions was that it is not possible to cultivate aerobic granular biomass with 
a vmin<1.67 cm/min and this value should be higher than 8.3 cm/min to facilitate 
formation and stability of aerobic granular biomass. The data given in that review-
paper were used here to construct the relation between degree of aerobic 
granulation (%granular biomass) and the hydraulic selection pressure parameters 
being TS, vmin, as well as exchange ratio and time for effluent withdrawal (TW). As 
apparent from Figure 2.4, there is a direct and linear correlation between vmin and 
%granular biomass, as well as between exchange ratio and degree of granulation. 
Amount of granular biomass (%) that can be attained in an SBR is inversely related 
with the operational settling time (TS).  
 
 
 
 
 
 
 
 
Figure 2.4: Graph constructed from the data reported by Liu et al. (2005) 
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Jang et al. (2003) reported successful granulation with a minimum settling velocity 
as low as 1.1 cm/min, resulting from a TS value as high as 45 min. Though they 
operated an SBR both for carbon and nitrogen removal (nitrification), thus it is 
speculated here that the considerably weak hydraulic selection pressure might acted 
in favor of initiation of granulation to some extent, but the successful granulation in 
their system was mainly due to the kinetic selection of slow-growing nitrifiers. 
Jiang et al. (2002) reported that they were able to cultivate phenol degrading aerobic 
granular biomass with a dgra value of 0.52 mm and SVI value of 40 mL/g after 
decreasing the TS from 30 to 5 min, resulting in an increase of vmin from 1.7 to 10.1 
cm/min. In addition to the studies reviewed above, vmin values around or higher than 
20 cm/min are repeatedly reported to be suitable to exert sufficient hydraulic 
selection pressure for successful granulation in fully-aerobic granular biomass 
systems (Beun et al., 2000; Beun et al., 2002; Wang et al., 2004; de Kreuk and van 
Loosdrecht, 2004).  
From the above reviews and discussions, it is possible to state that exerting a 
hydraulic selection pressure via applying a low operational settling time (TS) or a 
high minimum settling velocity (vmin) facilitate aerobic granulation, as apparent from 
lower SVI, higher %granular biomass, and higher %hydrophobicity values. On the 
other hand, influence of these interrelated hydraulic selection pressure parameters 
on MLSS and ExoPS/ExoPN values, as well as on dgra values is not clear, since 
contradictory results were reported for these parameters.  
2.5.2 Effect of high shear (vS) 
Being one of the apparent physical stress factors exerted on microorganisms in 
activated sludge systems, hydrodynamic shear force has been considered as one of 
the main hydraulic selection pressure parameters influencing initiation, formation, 
and stability of granular biomass in aerobic systems. A correlation has usually been 
observed in aerobic granular systems between application of a reasonably high 
hydrodynamic shear force in terms of high superficial upflow air velocity (vS) and 
observation of increase in cell-surface hydrophobicity values and EPS production, 
which are two important microbial parameters mediating cell-to-cell interaction and 
adhesion/aggregation, facilitating granulation, and supporting structural integrity 
formed granules. Selected studies focusing on the influence of hydrodynamic shear 
stress on formation, structure, and C-removal metabolism of aerobic granular 
biomass are reviewed below. Operational parameters applied in these studies are 
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summarized in Table 2.2 and the data reported by Tay et al. (2001a,b and 2004) 
were used to construct the graphs seen in Figure 2.5 and 2.6. 
The researchers started-up four column-type SBRs with poorly-settling (SVI= 205 
mL/g) floccular activated sludge (mean flock size= 0.12 mm) acclimated to acetate, 
and operated the reactors for aerobic C-removal. The only difference in reactor 
operation was the applied shear stress in terms of superficial upflow air velocities, 
which were 0.3, 1.2, 2.4, and 3.6 cm/s in R1, R2, R3, and R4, respectively. The 
researchers stated that first granules (dgra = 0.28-0.37 mm) appeared in R2, R3, and 
R4 in 7 days; flocks and aggregates with irregular and loose-structures turned into 
round-granules in 11 days; MLSS rapidly increased and stabilized (5.4, 6.5, and 6.9 
g /L, respectively), in 2 weeks. On the contrary, no granulation or improvement in 
biomass morphology was recorded in R1 (with lowest vS; 0.3 cm/s), and MLSS was 
only 1.4 g/L. SVI values were 170, 62, 55, and 45 mL/g in R1, R2, R3, and R4, 
respectively. The authors mentioned that after two weeks, granulation was disturbed 
in R2 operated with a vS value of 1.2 cm/s, and in the following 5 days aerobic 
granules were totally replaced by floccular biomass (mean size= 0.15 mm; SVI= 180 
mL/g). This was accompanied by a significant decrease in ExoPS production in R2. 
Consequently, the authors concluded that although it was possible to initiate aerobic 
granulation with a vS value of 1.2 cm/s, a higher shear stress was required to 
promote structural integrity and to secure stability of aerobic granules cultivated 
under hydraulic selection pressure (Tay et al., 2001a,b). 
From their overall observations, the researchers concluded that application of high 
shear stress in terms of high vS values facilitated formation of more regular, denser, 
stronger, and compact aerobic granules with lower SVI-, higher MLSS-, higher % 
hydrophobicity-, and higher ExoPS/ExoPN values (Figures 2.5 and 2.6). Average 
granule diameter (dgra) values were inversely related with the level of shear stress 
applied in R2, R3, and R4 (1.2, 2.4, 3.6 cm/s, respectively), showing that the latter 
determined not only shape and strength, but also size of granules (Figures 2.5 and 2.6). 
Moreover, although MLSS values had an increasing trend while the overall COD 
removal efficiencies recorded in all reactors were at the same level (94-96%), the 
net yield coefficients (YH; mg MLSS/mg COD) were reported to have a decreasing- 
and the SOUR values (mg O2 /mg cell proteins per hour) were reported to have an 
increasing- trend with increasing shear stress (Figure 2.6). These observations were 
evaluated by the authors as indications of a metabolic shift from anabolic to 
catabolic reactions parallel to granulation.  
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Derived from Tay et al. (2001a,b; and 2004a)
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Figure 2.5: Graph constructed from the data reported by Tay et al. (2001a,b; and 
2004): Influence of shear stress on granule morphology and structure 
 
 
 
 
 
 
 
 
 
 
Figure 2.6 Graph constructed from the data reported by Tay et al. (2001a,b; and 
2004a): Influence of shear stress on formation and C-metabolism of aerobic 
granules 
In their review paper about the role of hydrodynamic shear force on formation of 
aerobic- and anaerobic-granules and biofilms, Liu and Tay (2002) describe the 
process as a multi-step cell-immobilization and emphasize that hydrodynamic shear 
forces are involved not only in initiation of adhesion/aggregation, but also in 
formation of the 3-D macro-structure of stable granules in balance with microbial 
growth. Hydrodynamic shear force has been hypothesized to trigger metabolic 
changes eventually resulting in adhesion-aggregation, despite that shear stress is 
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an external physical parameter, rather than a feature of microbial metabolism. 
Based on the increase in the ratio between specific oxygen utilization rate (dO2/dt.X) 
and specific substrate utilization rate (dS/dt.X), recorded in case of higher superficial 
upflow air velocity, the authors suggested that the biomass exposed to higher 
hydrodynamic shear stress was channeling its energy from anabolic (growth-related) 
to catabolic (non-growth associated, energy-related) reactions. The authors also 
stated that e-transport chain in aerobic oxidation processes are coupled with proton 
translocation mechanism, and thus activity of proton translocation across cell 
membrane can be considered as a measure of catabolism. Moreover, high proton 
translocation activities were reported to result in cell-surface dehydration, facilitating 
cell-to-cell interaction. Accordingly, they suggested that elevated dehydrogenase 
activity with increased shear force was another indication of metabolic shift from 
anabolic to catabolic processes, with a consequence of increased cell-to-cell 
interaction and further aggregation. The authors also emphasized that microbial 
granulation is not a phylogeny-specific process, but a phenotypic response to 
external conditions like physical/chemical stress, operational strategies and reactor 
configuration, which are suggested to trigger metabolic changes eventually deciding 
between dispersive- and aggregative-physiology. 
Based on the highlights of the review-paper by Liu and Tay (2002), effect of 
hydrodynamic shear force on aerobic granulation can be summarized as follows: 
increasing the shear rate in an aerobic system or applying a high superficial upflow 
air velocity (i.e., vS> 1.2 cm/s) result in elevated ExoPS production, higher 
ExoPS/ExoPN ratios, higher cell-surface hydrophobicity, and lower SVI values 
(pointing to better biomass compaction and settleability), and thus formation of 
smooth, dense, compact, and stable aerobic granules. Liu and Tay (2002) also 
stated that there must be a balance between the physical stress factors and 
metabolic processes, hence an optimization between hydrodynamic shear rates (vS 
in a bubble-column reactor) and microbial growth rates (influenced by biomass 
loading rates) is required to ensure formation and further stabilization of granular 
biomass with desired conversion efficiencies in aerobic systems. 
2.6 An Interface between Hydraulic- and Kinetic/Metabolic-Selections: 
Effect of Substrate Loading on Aerobic Granulation 
To determine the effect of COD-loading rate on aerobic granulation, Tay et al. 
(2003) operated three column-type SBRs with a pulse-feeding strategy for aerobic 
C-removal. Operational conditions are given in Table 2.3. Hydraulic selection 
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pressures exerted on the biomass in all three reactors were considerably high (TS= 
2 min; vS= 4.1 cm/s). The only difference in reactor operation was the COD-loading 
rate, being 8, 4, and 1 kg/m3.d in R1, R2, and R3, respectively. After an initial 
biomass washout for 5 days, biomass concentration in all three SBRs increased, yet 
eventually different types of biomass were cultivated in the reactors: the biomass in 
R2 was totally granular, the one in R1 was a mixture of aerobic granules and 
suspended flocks, and that in R3 had a floccular morphology for the entire 
operational period. Steady-state MLVSS and SVI values in R1, R2, and R3 were 5, 
3.2, and 1.3 g/L and 91, 50, and 138 mL/g, respectively.  
As can be seen from Figure 2.7, higher COD-loading rates resulted in higher 
MLVSS, EVSS, and dgra values. However, the authors also stated that the biomass 
cultivated in R2 under the COD-loading rate of 4 kg/m3.d was the most stable one in 
terms of MLVSS and EVSS trends in the long run, and also with the most regular 
morphology (highest roundness) and the best settling properties (lowest SVI). 
Moreover, the totally granular biomass in R2 had the highest values for ExoPS, 
structural integrity, specific gravity, and relative surface hydrophobicity parameters. 
Accordingly, Tay et al. (2003) concluded that neither a relatively low (1 kg/m3.d) nor 
a considerably high (8 kg/m3.d) COD-loading rate was appropriate to cultivate a 
stable aerobic granular population, and it was only possible to do so when the 
relatively high hydrodynamic shear rate (vS= 4.1 cm/s) was balanced with the COD-
loading rate (4 kg/m3.d).  
 
 
 
 
 
 
 
 
 
 
Figure 2.7: Graph constructed from the data reported by Tay et al. (2003): Influence 
of COD-loading rate on formation and stability of aerobic granules 
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These observations are in line with those reported in biofilm literature, where biofilm 
morphology is determined to depend on the balance between loading rates -in 
combination with growth rates-, and the hydrodynamic shear rates: combination of 
low overall growth rates and high shear rates is determined to favor formation and 
structural stability of smooth and dense biofilms (van Loosdrecht et al., 2005; and 
references therein). Moreover, since the SBRs operated by Tay et al. (2003) were 
fully-aerobic systems and a pulse-feeding mode was applied in all reactors, the 
parameter termed by the researchers as “COD-loading rate (kg/m3.d)” can be 
considered as a measure of initial substrate concentration experienced by the 
biomass; the parameter that can be related to the kinetic selection theory. Thus it is 
suggested here that the results by Tay et al. (2003) should be evaluated together 
with the discussions given at the end of this section on these issues. 
Another study about the effect of COD-loading rate on aerobic granulation was 
carried out by Moy et al. (2002) who operated two column-type SBR in accordance 
with the operational conditions listed in Table 2.3. One of the SBRs was fed with 
glucose and the other with acetate as the sole C-sources, and COD-loading rates 
were gradually increased from 6 to 9, 12, and 15 kg/m3.d. The data, as well as the 
results, reported by Moy et al. (2002) were used to construct the graphs for glucose-
fed and acetate-fed aerobic granules (Figures 2.8 and 2.9, respectively). The 
researchers reported that first granules appeared in the glucose-fed reactor within 3 
weeks, while the COD-loading rate was the lowest, and the granules with a loose 
and hairy morphology, dominated by filamentous microorganisms, were replaced by 
compact and smoother, yet irregular ones upon increasing the loading rate from 6 to 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8: Graph constructed from the data reported by Moy et al. (2002): 
Influence of COD-loading rate on properties of glucose-fed granules. vsettling; actual 
settling velocities of granules measured in settling tests.  
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9 kg COD/m3.d. As seen from Figure 2.8, increase in loading rate had positive influence 
on settling properties (lower SVI values and higher settling velocities), structural integrity 
(increasing trend of granule strength), and size of glucose-fed granules.  
Similar observations were recorded for the acetate-fed aerobic granules, as shown 
in Figure 2.9, except that the acetate-fed granules already had a compact structure 
with a clear outer shape and without any filamentous organisms at the lowest COD-
loading rate. In fact, the acetate-fed granules exhibited better characteristics in 
terms of granule morphology (higher roundness) and settling properties (lower SVI 
and higher settling velocity), when compared to the glucose-fed granules fed at the 
same COD-loading rate. However, after the COD-loading rate was raised from 6 to 
9 kg/m3.d, the acetate-fed aerobic granules lost their structural integrity and 
disintegrated in two weeks. Based on the fact that the acetate-fed granules were 
denser and more compact than their glucose-fed one, the authors attempted to 
explain their final observation via speculating that due to the diffusion limitations, 
microbial growth ceased at the core of the dense granules, causing a structural loss 
at the core and eventually resulting in the disintegration of the granules. 
 
 
 
 
 
 
 
 
Figure 2.9: Graph constructed from the data reported by Moy et al. (2002): 
Influence of COD-loading rate on properties of acetate-fed granules. vsettling; actual 
settling velocities of granules measured in settling tests. 
Lili et al. (2005) also reported that increasing the COD-loading rate resulted in an 
enhancement in aerobic granulation. They reported that the influent COD 
concentration was kept constant, though the COD-loading rate was increased 
gradually either by decreasing the cycle time (TC), thus the HRT, or by increasing 
the filling volume (VF), hence the exchange ratio. The operational conditions applied 
by the researchers are listed in Table 2.3, and the results were used to construct the 
graph seen in Figure 2.10. As apparent from Figure 2.10, increasing the COD-
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loading rate resulted in enhancement of settling properties of the aerobic granular 
biomass (SVI decreased from 134 to 41 mL/g) and ensured high biomass retention 
in the reactor (MLSS increased from 2.84 to 7.86 g/L). Granules also grew in size 
(dgra increased from 0.1 to 1.5 mm). Apparently, these results were in agreement 
with the ones reported by Moy et al. (2002). It should be noted here that value for 
shear stress was not reported by the Liu et al. (2005), thus it was not possible to 
predict any correlation between applied shear rate and COD-loading rate. 
 
 
 
 
 
 
 
 
Figure 2.10: Graph constructed from the data reported by Lili et al. (2005): Influence 
of COD-loading rate on progress of aerobic granulation 
Liu et al. (2003), operated four column-type SBRs with the same operational 
conditions (Table 2.3) except for the COD-loading rates: 1.5, 3, 6, and 9 kg/m3.d in 
R1, R2, R3, and R4, respectively. Shear stress due to aeration (vS= 2.4 cm/s). The 
seed biomass was a floccular one (mean size; 0.09 mm) with a fluffy, irregular, and 
loose structure and with a poor-settling characteristic (SVI; 208 mL/g). After three 
weeks, all reactors were dominated by aerobic granules with similar morphological 
features (roundness and aspect ratios around 0.67 and 0.65, respectively), 
compactness and settling properties (SVI; 30-40 mL/g, density around 55 g/L). 
Results reported by Liu et al. (2003) are summarized in Figure 2.11. 
%hydrophobicity value of the seed biomass (49%) was much lower than those of the 
aerobic granules however; cell-surface hydrophobicity values of aerobic granules 
cultivated under different COD-loading rates were more or less the same (81%). 
Higher loading rates resulted in higher biomass concentrations and bigger granules 
(increasing MLSS and dgra trends), however, also decreased granule strength. The 
authors suggested that the lower strength of aerobic granules formed under higher 
loading rates was due to high biomass production rates. 
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Figure 2.11: Graph constructed from the data reported by Liu et al. (2003): 
Influence of COD-loading rate on properties of aerobic granules. Data plotted on the 
y-axis correspond to those of the inoculum. 
General conclusions derived from the comparative evaluation of the works reviewed 
above are as follows: Apparently, applying high COD-loading rates, or increasing 
the rate, results in an increase in the amount of biomass retained in the reactor, and 
an increase in granule diameter. As evident by decreased SVI values, compactness 
and settling properties of the aerobic granules are also improved under high or 
increased COD-loading rates. However, it is possible to directly relate the strength 
and structural stability of aerobic granules, or changes in other indicative parameters 
of granulation (i.e. % hydrophobicity, ExoPS production) with applied COD-loading 
rates, since contradictory results have been reported, as reviewed above. 
It is worthwhile to recall the relation between COD-loading rate, substrate 
concentration the biomass exposed to, the way of exposure and the hydrodynamic 
shear rate exerted on the biomass. As stated previously, the main conclusion 
derived from “biofilm formation and structural stability” studies is that formation and 
stability of smooth and dense biofilms with desired conversion efficiencies depend 
on the balance between the microbial growth rate and the detachment rate; the 
latter being influenced by the shear stress due to particle-particle collision and 
liquid/gas velocities perpendicular to biofilm growth direction (van Loosdrecht et al., 
2005). Granular biomass has been considered as a form of biofilm without a 
substratum, making it possible to extend this conclusion for granulation and 
highlighting the need of establishing a balance between shear rates and microbial 
growth rates to ensure formation and stability of aerobic granules.  
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Apparently, growth rates are directly related with substrate availability, amount of 
substrate, conditions under which substrate as well as the e-acceptor are supplied 
to the biomass, type of microorganisms, etc.; parameters all influencing the kinetic 
and/or metabolic processes, thus related with kinetic and/or metabolic selection 
theories. As stated earlier in Subsection 2.3.2, kinetic selection is primarily based on 
slowing down the overall growth rate of the system via at least facilitating slow 
growth processes in parallel to the fast ones. As previously mentioned, a high initial 
biomass- or flock- loading (Sİ/Xİ ratio; mg COD per mg biomass) is crucial in 
exerting a kinetic selective pressure in fully aerobic systems to promote the desired 
slow growth and this can be achieved via feeding the system in a short period of 
time (pulse-feeding, dump-filling, etc.), which results in a high substrate gradient, 
forcing the system convert external C-source into intracellular C-storage products.  
The way it is reported in the studies reviewed above, volumetric COD loading rate 
(kg/m3.d) does not give any information about the degree of substrate gradient 
exerted on the biomass, if the reactor feeding pattern is not taken into consideration. 
However, since all reactors used in the abovementioned studies were SBRs fed in a 
pulse-feeding manner, the reported COD-loading rates can be translated to initial 
biomass loading, and the level of the former can be considered to show the degree 
of substrate gradient, hence the kinetic selective pressure, exerted on the systems. 
Although not evaluated in the abovementioned studies, it can be speculated with 
this perspective that kinetic selective pressure, which can be described to a certain 
extent in terms of applied COD-loading rates in combination with the pulse-feeding 
pattern, played a major role in formation and stability of aerobic granular biomass, 
and the growth rates dictated by the degree of the kinetic selective pressure was in 
well balance with applied hydrodynamic shear forces in the systems where 
successful and stable aerobic granulation was observed. On the other hand, in the 
systems where no aerobic granulation was recorded (systems operated with low 
COD-loading rates, thus with low initial biomass loading and insufficient kinetic 
selective pressure) or where stability of the formed aerobic granules were disturbed 
(systems operated at excess COD-loading rates, thus prolonged feast phases), the 
delicate balance of kinetic selection pressure was disturbed. These conclusions, 
emphasize the fact that aerobic granular biomass systems cannot be considered as 
systems where aggregative physiology is dictated solely by external factors (i.e., 
shear stress), but as systems where growth kinetics and metabolic activities have a 
central role, and thus kinetic and/or metabolic selective pressure factors have a 
major influence on formation and stability of aerobic granular biomass.  
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2.7 Kinetic/Metabolic Selection Pressure Influenced Aerobic Granulation 
This section is dedicated to comparative evaluation of the experimental studies 
carried out to determine the relation between conditions-parameters related with 
growth kinetics and metabolic activities of microbial populations and preferring an 
aggregative physiology, hence kinetic and/or metabolic selection pressure driven 
aerobic granulation. Prior to start with comparative evaluation of the literature on this 
subject, descriptions of some of the terms related with kinetic and/or metabolic 
selection theories are provided below for clarification:  
Feast phase is the period when external substrate is available for growth. Apparent 
from this description, a feast period requires simultaneous presence and availability 
of the external C-source (and/or the e-donor) and oxygen (or nitrate) as the external 
and terminal e-acceptor to support growth in all non-fermentative (and aerobic) 
growth processes or in denitrification. The growth taking place on externally 
available substrate is a rapid one. 
Famine phase is the period when external substrate is not present in the bulk liquid. 
However, growth can continue on intracellular C-storage products at a lower rate 
due to the reduced and polymeric nature of the storage materials, considering that 
the microorganisms have these internal storage pools and the terminal e-acceptor is 
still available. Hence this period requires the presence of terminal e-acceptor in the 
absence of external substrate and in the presence of intracellular C-storage products.  
C-storage phenomenon: Upon supply of external substrate in the presence of an 
external terminal e-acceptor, a feast period is experienced during which rapid 
growth on externally available substrate takes place. However, if the substrate 
gradient is high enough (high initial biomass loading; high Si/Xi) or the rate of 
substrate feeding exceeds maximal growth rates of the organisms, as is the case in 
aerobic pulse-fed systems, excess external substrate is required to be directed 
somewhere other than the rapid growth mechanism. While growing on external 
substrate at a high growth-rate, bacteria with storage capability take up excess 
external substrate and store it in the form of intracellular C-storage products, with an 
energy requirement lower than that for rapid growth. Rapid growth on externally 
available substrate stops upon exhaustion of external C-source. Growth can 
continue only if any substrate other than the external one is available. The 
microorganisms find the C-source to continue their growth in their intracellular C-
storage materials. Thus, eventhough no external substrate is left to support growth, 
growth continues at a lower rate on these intracellular C-storage products. 
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Consequently, only the bacteria which have the metabolic capability to store 
external substrate in the form of intracellular C-storage products and posses a 
second, but not a secondary, metabolic instrument enabling them to grow on these 
products upon exhaustion of the external one can survive in external-substrate 
depleted environments, like in famine periods. Apparently, capability to store 
external C-source when exposed to high substrate gradients and then ability to grow 
on these intracellular C-storage products upon exhaustion of external sources not 
only results in changes in growth kinetics in the direction of decreasing the overall 
growth rate of the system, but also unveils a metabolic pathway different than that 
for rapid growth on external substrate. Hence, C-storage phenomenon can be 
considered as the intersection point of kinetic- and metabolic-selection, where in 
both cases the main objective is to slow down the overall growth rate in the system 
via selecting for slow-growing organisms, who prefer a self-immobilized aggregative 
physiology and form stable biofilm structures or granules, due to their physiological and 
microbial/metabolic preferences as described in details in sections 2.3.2 and 2.4. 
Anaerobic feeding: Simultaneous presence of external C-source and terminal e-
acceptor requires a delicate balance between the feast and C-storage, thus famine 
phases, dictating the effectiveness of kinetic selection pressure, and this balance is 
susceptible for disturbance in case of an operational change, i.e., limitation of growth-
related factors other than the C-source. Alternatively, the feast phase -of fast and 
direct growth- might completely be eliminated and the system can be slowed down via 
creating a discontinuity. The discontinuity can be created through the genuine 
separation of the time of external substrate supply and the time of growth, which could 
only be possible if the system is forced to convert all of the externally available 
substrate into intracellular C-storage products upon receiving the feed, rather than 
growing directly on it. Within this context, feeding under anaerobic conditions can be 
considered as a feast period with respect to presence of external substrate in the bulk 
liquid, but not with respect to growth. Absence of terminal e-acceptor prevents growth 
to proceed, thus creates a discontinuity, and directs the entire substrate flux to 
storage mechanism. When the system is fed under anaerobic conditions, 
microorganisms with the metabolic advantage of taking up and converting the external 
substrate in expense of energy derived not from the metabolism where oxygen is 
involved, but from other metabolic activities, are metabolically favored and selected. 
PAOs and GAOs are the best examples of microorganisms possessing such kind of a 
metabolic advantage, finding the energy required for the anaerobic C-storage 
metabolism in their intracellular poly-P and/or glycogen pools, respectively. 
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2.7.1 Effect of feast-famine sequence and method of substrate dosing in 
relevance with presence of an external terminal e-acceptor 
The comprehensive work by Chiesa et al. (1985) on application of intermittent-
feeding with different degrees of feast-famine conditions as a strategy to select for 
nicely settling and compact floccular biomass over badly settling filamentous 
organisms is selected here as a good starting point to discuss the importance of the 
balance between the feast and famine phases, thus the effectiveness of the kinetic 
selection pressure for proliferation of microorganisms with different physiologies 
dictating the settling properties of C-removing systems.  
All the relevant operational conditions reported by the authors are listed in Table 2.4. 
The researchers started up identical SBRs with the same biomass taken from a full-
scale WWTP, applied a considerably weak hydraulic selection pressure (TS= 125 
min), and operated the reactors for a minimum of two weeks under the same 
conditions, before shifting to different control strategies with different degrees of 
feast-famine conditions. The control strategies applied by the authors via altering the 
duration of the “unmixed and unaerated phase” during 2 hrs of continuous feeding at 
the beginning of each cycle, followed by 4 hrs of aerated react period in each SBR, 
are visually presented in Figure 2.12 together with the steady-state SVI values.  
The authors reported that it was not possible to maintain acceptable SVI values with 
Strategies E and F, since those systems were dominated by filamentous micro-
organisms with poor settling properties. Considering that the reactors were fed 
continuously resulting in a low initial biomass loading, thus a significantly weak 
substrate gradient, presence of oxygen during the entire feeding period (Strategy-F) 
resulted in a prolonged feast phase, during which both the external substrate (at a 
low but constant level) and the e-acceptor were available at all times for rapid 
growth, thus exerting no pressure for C-storage. Such kind of a growth condition has 
been described to favor proliferation of Ks-strategists, i.e., filamentous organisms, 
who prefer a planktonic physiology.  
When oxygen is present, a high initial biomass loading (pulse-feeding, thus a high 
temporal substrate gradient) is required to trigger the C-storage metabolism. If the 
temporal substrate gradient is not strong enough, more external substrate becomes 
available for rapid growth and less for C-storage, resulting in elongation of the feast 
phase, disturbance of the balance between the feast, C-storage and famine phases, 
and failure of the kinetic selection to suppress proliferation of rapidly growing 
filamentous organisms. It is suggested here that, both Strategy-F (100% aerated fill) 
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   0 0.5  1  1.5  2hr  
Control 
Strategy 
 %Anaerobic 
Fill Time 2 hours of continuous feeding 
SVI 
(mL/g) 
     
A  100%         55 
B  87.5%         62 
            
C  75%         85 
            
D  62.5%         115 
            
E  50%         600 
            
F  0%         600 
            
       Dump fill  
G  -         55 
 
Figure 2.12: Control strategies applied by Chiesa et al. (1985) during 2 hrs of 
feeding: Dark- and light-shaded areas; extents of anaerobic- and aerobic-filling, 
respectively. 
and Strategy-E (50% aerated fill) correspond to an unbalance between the feast, 
aerobic C-storage, and famine periods and represent such kind of a failure. In 
contrast, when the temporal substrate gradient is low but oxygen is also absent, no 
rapid growth takes place and the C-source supplied at a continuous but low rate 
accumulates in the system (if not stored under anaerobic conditions). The latter 
translates into realization of a high substrate gradient upon introduction of oxygen, 
forcing the external C-source in excess of fast and direct growth to be stored 
aerobically. The result is the genuine selection of aerobically C-storing and slow-
growing bacteria with well settling properties, and decrease of the net growth rate of 
the system. Strategy-A (100% “unaerated and unmixed” filling) is supposed to 
correspond to such kind of a situation. In fact, Chiesa and his co-authors considered 
their observation of a sharp and rapid decline followed by a much slower second 
phase of C-utilization in the system operated with Strategy-A as a strong implication 
of some type of microbial storage. They also reported the best results in terms of 
biomass settling properties (SVI around 55 mL/g) with Strategy-A (Figure 2.12).  
The authors also operated an SBR with 2 hrs of aerated phase without feeding and 
dump-filled the reactor right before 4 hrs of aerated react time (Strategy-G). SVI 
value obtained with this strategy was similar to the one obtained with Strategy-A. 
Apparently, dump-filling the reactor provided a high initial biomass loading, thus a 
sharp substrate gradient triggering aerobic C-storage, like in case of accumulation of 
external C-source under anaerobic conditions of Strategy-A.  
Results of the experiments conducted to enlighten the effect of different degrees of 
feast-famine sequence on microbial kinetics were reported in details by Chiesa et al. 
(1985). Some of these results were used to construct the graph seen in Figure 2.13.  
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Figure 2.13: Graph constructed from the data reported by Chiesa et al. (1985). 
Extent of kinetic selection pressure: Anaerobic Fill Time/Total Fill Time. 
As can be seen from the graph, peak specific oxygen utilization rates for C-uptake 
([SOUR]peak-Cuptake), first-order substrate utilization constant (Spec. C-uptake 
constant), and relative substrate affinity (Ks) values had increasing and endogenous 
specific oxygen uptake rates ([SOUR]peak-starvation) had decreasing trends with 
increasing fractions of anaerobic filling, or in other words with decreasing feast/ 
famine ratios.  
The conclusive remark that can be driven from the above discussions is that feeding 
patterns, in other words substrate gradients in combination with presence or 
absence of oxygen, significantly influence both the growth kinetics and the long-term 
physiologies of the microorganisms. Providing a proper balance between feast-, C-
storage-, and famine-phases, via balancing the presence of oxygen with a sharp 
substrate gradient or balancing the low substrate gradient with absence of oxygen, 
results in population shifts facilitating proliferation of slow-growing bacteria with low 
net growth yields, and with the ability to store C-sources rapidly and then growing on 
these products slowly during the famine phase. As apparent from the graph, these 
slow-growers have much lower SVI values, thus much better settling properties, 
than the fast-growing filamentous organisms causing bulking in the SBRs with 
longer aerobic filling periods weakening the kinetic selection pressure.  
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Similar to the work by Chiesa et al. (1985), McSwain et al. (2004b) conducted a 
study to investigate the effect of intermittent-feeding patterns and the degree of 
feast/famine conditions, on formation and stability of C-removing aerobic granular 
biomass. They started-up three identical column-type SBRs with a floccular biomass 
taken from a conventional C-removing WWTP and operated the reactors with same 
hydraulic-selection pressures (TS= 2 min, vS= 1.2 cm/s), but with different 
“feast/famine differentials”. Operational conditions applied by these researchers are 
listed in Table 2.4. Operational strategies adapted to introduce different degrees of 
feast/famine conditions are visually presented in Figure 2.14. At the end of 90 min of 
continuous feeding, the reactors were operated at each cycle for another 120 min 
under fully aerobic conditions.  
   0 30  60  90 min 
Reactors  %Anaerobic Fill 90 minutes of continuous feeding  SVI (mL/g)
    
R1  100%        46 
R2  66.7%        60 
R3  33.3%        114 
 
Figure 2.14: Reactor feeding patterns reported by McSwain et al. (2004b): Dark- 
and light-shaded areas; extents of anaerobic- and aerobic-filling, respectively. 
Some of the steady-state data reported by the authors were used to construct the 
graph seen in Figure 2.15. This figure shows the influence of operational strategies, 
more specifically extent of selective pressure described here in terms of “anaerobic 
fill time/ total fill time”, on granule properties like compactness and settleability (SVI, 
MLSS, granule density), steady-state morphology (granule smoothness) and 
stability, as well as on some kinetic parameters. The researchers reported that they 
obtained aerobic granular biomass in all three SBRs, but achieved the best results, 
in terms of granulation, granule stability and structure (highest MLSS, lowest SVI, 
highest granule smoothness and density, as can be seen in Figure 2.15, and highest 
granule stability, as well as lowest number of filamentous organisms), in the reactor 
fed, albeit continuously, without any mixing and aeration (R1).  
In their final remarks, the authors stated that “a high feast/famine ratio was 
necessary for the formation of compact, dense granules” and the intermittent 
feeding pattern influenced selection between aggregative and filamentous bacteria, 
which affected structure and stability of aerobic granules in the long run. The 
comment on effect of intermittent feeding for selection of different microorganisms is 
parallel to one from Chiesa et al. (1985), however the conclusion that 
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Figure 2.15: Graph constructed from the data reported by McSwain et al. (2004b). 
Extent of kinetic selection pressure: Anaerobic Fill Time/Total Fill Time. 
“it is necessary to apply a high feast/famine ratio for stable granulation” should be 
evaluated as referring to the strength of temporal substrate gradient created in the 
systems, rather than to the durations of the feast and famine phases, thus the 
balance of feast-famine sequence. The authors stated that “complete COD removal 
was achieved within 30 min of the beginning of aeration” in all three reactors 
(McSwain et al., 2004b). Remembering the description of the feast phase as the 
period when external substrate is available for rapid-growth in the presence of 
terminal e-acceptor, taking into account the above statement, and considering the 
operational strategies applied in R1 and R2 (Figure 2.14), it is clear that duration of 
the feast period was the same (30 min) in R1 and R2, but not the amount of total 
COD being instantly available (temporal substrate gradient) to the biomass upon 
start of aeration. More COD was collected anaerobically in R1 (for 90 min) and less 
in R2 (for 60 min) prior to start of aeration. This difference is considered to result in a 
lower initial biomass loading, thus lower substrate gradient in R2 than in R1. 
Moreover, continuing with substrate-dosing for 30 min after start of aeration in R2 
supplied external substrate at a constant and low level, which is known as a 
condition to favor growth of filamentous organisms being KS-strategists with a kinetic 
advantage of growing rapidly on externally available substrate at low substrate 
concentrations. The extent and influence of these factors were even worse in R3, 
where biomass experienced the longest feast period (60 min of aerobic feeding). 
The amount of COD accumulated in R3 under anaerobic conditions was less than 
that collected in R2, and thus a higher percent of supplied COD was available under 
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aerobic conditions at a constant and low rate, enhancing proliferation of rapidly-
growing filamentous organisms (KS-strategists) in R3.  
Consequently, it is possible to state that the total amount of COD accumulated in the 
absence of oxygen and became available upon start of aeration was the decisive 
factor and the higher the fraction of instantly available COD in presence of oxygen, 
the more the slow growing aggregative microorganisms were favored and the more 
the filamentous growth was suppressed. Since the authors were able to obtain 
aerobic granular biomass in all three reactors operated under different degrees of 
kinetic selection pressure, it is possible to state that the applied hydraulic selection 
pressures initiated formation of aerobic granules, whereas different degrees of 
kinetic selection pressure dictated the settleability and morphology of the cultivated 
granules in the long run.  
As stated previously, the main conclusion derived from “biofilm formation and 
structural stability” studies is that growth rates of microorganisms greatly influence 
formation and stability of smooth and dense biofilms, and that the lower the growth 
rates are, the smoother and denser the biofilms will be (van Loosdrecht et al., 2005; 
de Kreuk et al., 2005b). Being at the center of both kinetic and metabolic selection 
mechanisms, selection of slow growing organisms with the ability to store externally 
available substrate and then to grow on their intracellular C-storage products at a 
lower rate in fact results in the desired decrease of the overall growth rate in a C-
removing system. This involves an external manipulation to force the micro-
organisms to alter their growth rates, and very likely their metabolic pathways. 
Alternatively, a system with a low net growth rate can be obtained if microorganisms 
with naturally slower growth activities can be maintained or selected. In fact, slow-
growing methanogens are reported to form denser anaerobic granules than fast-
growing acidogens, and nitrifiers are reported to form much denser biofilms than 
heterotrophs under same conditions (van Loosdrecht et al., 2005; de Kreuk et al., 
2005b). As mentioned previously, PAOs and nitrifiers are considered as slow-
growers (µmax= 1 d-1) when compared to ordinary heterotrophs (µmax= 6 d-1) (Henze 
et al., 1998). Hence, as long as conditions favoring growth of PAOs or nitrifiers are 
maintained, it is possible to obtain systems with low net growth rates.  
Up to this point, importance of creating and balancing the feast-famine sequence 
and significance of C-storage phenomena for obtaining a system with lower net 
growth rates have been emphasized. However, these conditions are not likely to be 
significant for growth and selection of nitrifiers. Being autotrophic organisms, 
nitrifiers use CO2 as their C-donor, NH4-N as their e-donor, and DO as their e-
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acceptor. Apparently, one cannot talk about creating a famine phase or C-storage 
mechanism for nitrifiers, hence application of a feast-famine sequence or enforcing 
C-storage mechanism have no relevance in selection of slow-growing nitrifiers. 
Instead, amount of ammonia supplied is the main factor for their growth, and the 
level of N/COD ratio is considered to promote nitrifiers in a system where 
heterotrophic growth is also supported by supply of COD.  
The work by Liu et al. (2004) can be given as an example of how application of 
different N/COD ratios can be used to manipulate the microbial community 
composition in the direction of selecting for nitrifiers and how increased amount of 
nitrifiers results in denser aerobic granules. Liu et al. (2004) operated four identical 
bubble-column SBRs under the same hydraulic selection pressure conditions. Some 
of the operational conditions listed in Table 2.4 were reported by Liu et al. (2004), 
and some of them (the ones in the brackets) were extracted from another 
publication (Yang et al., 2003) from the same group of researchers. The only 
difference in reactor operation was the relative amount of ammonia supplied to the 
systems. All the reactors received the same amount of external C-source (500 mg 
COD/L in the reactor), whereas 25, 50, 100, and 150 mg/L of NH4-N were realized in 
R1, R2, R3, and R4, respectively resulting in N/COD ratios of 0.05, 0.1, 0.2, and 0.3 
in the corresponding SBRs. The results reported by the authors were used to 
construct the graph seen in Figure 2.16. 
Liu et al. (2004) reported that they were able to cultivate aerobic granules in all 
reactors and although the steady-state sizes of the granules were different, aerobic 
granulation followed the same gradually progressing trend: 10 days of acclimation 
upon start-up when no size change was observed, followed by 30 days of progress 
of granulation during which average granule diameter in each reactor increased 
continuously, and eventually the maturation period when dgra values were stabilized 
at around 2, 1.5, 0.45, 0.4, 0.35 mm in R1, R2, R3, and R4, respectively. After 
reaching a steady-state, overall heterotrophic activity in terms of specific oxygen 
utilization rate ([SOUR]H), as well as overall nitrifying activity ([SOUR]N) in each 
reactor in terms of sum of activities of ammonia-oxidizers ([SOUR]NH4-N) and nitrite-
oxidizers ([SOUR]NO2) were determined in batch experiments.  
As can be seen from Figure 2.16, granules cultivated at higher N/COD ratios were 
smaller, but denser (higher specific granule density values). Settling properties of the 
aerobic granular biomass cultivated at higher N/COD ratios were also better than 
those recorded at lower N/COD values (SVI of 51, 56, 65, and 77 mL/g in reactors 
with N/COD ratios of 0.3, 0.2, 0.1, and 0.05, respectively).  
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Figure 2.16: Graph constructed from the data reported by Liu et al. (2004). 
Selective pressure: N/COD ratio; mue-d: specific growth rate by size  
Likewise, higher %hydrophobicity values (88, 80, 75, and 70%, respectively) were 
reported in the reactors with higher N/COD ratios. Considering relative activities of 
nitrifiers over those of heterotrophs ((SOUR)N/(SOUR)H) as an indirect measure of 
relative abundancy of the nitrifying populations in the aerobic granular biomass, it is 
possible to state that the higher N/COD ratios resulted in increased relative 
abundances of nitrifying organisms. Combining the above-mentioned observations 
and considerations, it might be possible to say that application of a higher N/COD 
ratio not only promoted growth of nitrifiers, but also resulted in a decrease in overall 
growth rate of the system, via increasing the level of nitrifiers who are known to have 
lower growth rates than the ordinary heterotrophs. Increased levels of nitrifying 
populations, thus lower net growth rates were accompanied by cultivation of smaller 
yet denser aerobic granules with better settling properties.  
Considering the above discussions on metabolism of nitrifiers and irrelevance of 
feast-famine conditions for nitrification, one can think that kinetic selection pressure 
exerted on the biomass in terms of balancing the presence of DO as the terminal e-
acceptor with a high initial substrate concentration (via pulse-feeding) has nothing to 
do with formation and maintenance of aerobic granular biomass removing C- and 
NH4-N. However, it is speculated here that this kinetic selection pressure in deed 
had a pronounced, albeit indirect, influence in obtaining nitrifying and C-removing 
aerobic granules in the systems. Granulation is thought to be initiated by high 
hydraulic selection pressures (TS= 2 min, vS= 2.4 cm/s), and kinetic selection 
pressure due to pulse-feeding acted in favor of proliferation of slow-growing C-
storing heterotrophic biomass, which aggregated into granules. These heterotrophic 
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granules are speculated to provide a safe growth-environment for the nitrifiers, who 
had naturally low growth rates and thus suspected to be washed out, almost at a 
frequency as high as the hydraulic retention time, if remained in suspension, thus 
needed to locate themselves on the granules to be retained in the system. 
Eventually, the combined effect of presence of naturally-slow growing nitrifiers and 
feeding-pattern-forced slow growing and C-storing heterotrophs ensured the stability 
of the aerobic granular biomass. See below for further discussions. 
2.7.2 Level of dissolved oxygen (DO) 
Eventhough a pulse-feeding pattern provides the temporal substrate gradient 
required to exert pressure on the system to trigger C-storage mechanism in parallel 
to the rapid growth, and thus creates possibility of a famine phase where growth 
proceeds at a lower rate, this effect diminishes if oxygen is supplied to the system in 
limited quantities. Similar to the effect of continuous substrate feeding under 
unlimited oxygen supply conditions, low DO levels also causes elongation of the 
feast period during which external substrate is preferentially consumed for rapid 
growth and the amount of external substrate reflux available for aerobic C-storage 
mechanism is limited, thus eventually resulting in decrease of the extents of famine 
phase and slow growth on intracellular storage products. Consequently, application 
of low DO levels even under pulse-feeding conditions, causes the failure of the 
delicate balance between feast-, C-storage-, and famine-phases required to exert a 
proper pressure for selection of microorganisms with the ability to store C-sources 
rapidly and then to slowly grow on them resulting in low net growth rates. In terms of 
aggregative physiology, this translates into proliferation of fast growers, like 
filamentous organisms with planktonic physiology, or loss of granule stability. 
The best-case-scenario is preventing the occurrence of low DO levels. However the 
question rises whether there are occasions where application of low DO levels is an 
inevitable requirement. In fact, one can imagine at least two such occasions: First, in 
systems operated with the objective of simultaneous nitrification and denitrification 
(SND), a low DO level is the pre-requisite for an effective overall N-removal. DO 
concentration in such systems should be kept at a level to be used entirely by the 
heterotrophs and the nitrifiers, leaving an oxygen-free environment for the 
denitrifiers. Second, in full-scale biological wastewater treatment systems, possibility 
of decreasing the aeration requirements without disturbing the conversion processes 
and removal efficiencies may translate into reduced capital and operational costs 
(smaller aeration pumps, etc.). Since application of low DO levels seems to be an 
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inevitable requirement from multiple standpoints, two questions are required to be 
answered: Is it possible to apply low DO levels and at the same time maintain 
structurally stable aerobic granules with the targeted conversion efficiencies? And, is 
there a strategy that could be applied to balance or even eliminate the detrimental 
impact of low DO levels on aerobic granule stability?  
In an attempt to answer the first question, Mosquera-Corral et al. (2005) investigated 
the effect of decreased DO levels both on conversion efficiencies and on granule 
stability in an aerobic granular biomass system operated for SND and C-removal. 
Operational conditions applied by the authors are listed in Table 2.5. They started-
up an SBAR (airlift SBR with a down-comer) with a floccular biomass collected from 
a municipal WWTP and operated the reactor at a pulse-feeding mode resulting in 
instantaneous concentrations of 200 mg COD/L and 24 mg NH4-N/L at the start of 
each cycle (COD/N= 8.3). At the first stage (150 days), they operated the reactor 
without limiting the DO concentration (75% at the feast and 100% at the famine 
phases). Initiation of granulation was attributed to the hydraulic selection pressure 
exerted via application of a short settling time (TS= 3 min), which allowed only the 
biomass particles with settling velocities higher than 20 cm/min to be retained in the 
reactor. Aerobic granular biomass maintained in the reactor was reported to have a 
compact structure (density= 53 g TSS/ Lgranule) and good settling properties (SVI< 72 
mL/g), upon reaching a steady-state in terms of average granule size (dgra= 1.6 mm) 
and biomass concentration (5 g MLVSS/L) within 30 and 50 days, respectively. It 
was only after addition of a nitrifying population to the system (Day 65) that 
nitrification started, and it took another two months to maintain the slow-growing 
nitrifiers at a level required for complete ammonia removal. An overall N-removal 
efficiency of 16% indicated that despite of complete nitrification, only a small portion 
of the nitrification product was consumed by the denitrifiers. This was the natural 
consequence of reactor operation at unlimited DO level.  
The following line of explanation is an attempt to explain simultaneous and 
subsequent processes taking place in and around a granule subjected to 
corresponding conditions: Providing relatively high initial substrate concentrations 
(acetate for ordinary heterotrophs and ammonia for nitrifiers) in the bulk liquid via 
pulse-feeding results in high substrate concentrations at the vicinity of a granule, 
which further facilitate overcoming the diffusional limitations. Under such 
circumstances, both acetate and ammonia can diffuse deep into the granule. In 
addition to that, application of DO at a high saturation level promotes penetration of 
oxygen into the granule, though comparing the bulk liquid concentrations of oxygen  
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(applied as 100% but measured as 75% due to vigorous consumption during the 
feast phase, corresponding to approx. 6.8 mg DO/L), acetate (200 mg COD/L) and 
ammonia (24 mg NH4-N/L), oxygen penetration depth will be smaller than those of 
acetate and ammonia. Simultaneous presence of acetate and oxygen within the 
granule ensures the feast conditions for the ordinary heterotrophs to rapidly grow. At 
first sight, nitrifiers do not seem to be affected by the occurrence of these 
heterotrophic feast conditions, since these two groups of microorganisms use 
different e-donors. However, both being aerobic organisms, they compete for 
oxygen as their common e-acceptor. Knowing that nitrifiers have growth rates much 
lower than those of ordinary heterotrophs growing on acetate, they can easily be 
outcompeted by the latter group. Washout of the nitrifying population can be 
prevented if the presence of acetate in the granule is eliminated; a condition calling 
for conversion of externally available acetate into intracellular C-storage products 
(PHB). All these requirements point towards the need to shorten the feast period as 
much as possible, which under unlimited oxygen supply conditions, can be realized 
only with a pulse-feeding pattern.  
Under such conditions, acetate which penetrates deep into the granule due to the 
force exerted by pulse-feeding, is started to be consumed both for rapid growth and 
C-storage. On the other hand, oxygen penetration depth is smaller than acetate 
penetration depth not only due to the difference between concentrations of oxygen 
and acetate, but also due to the vigorous consumption of oxygen for all metabolic 
activities including heterotrophic rapid growth, some nitrification, C-storage 
metabolism, etc. Hence, there will be a layer inside the granule where acetate is 
present but oxygen is absent. Under such conditions, microorganisms are forced 
even more to take up the externally available acetate at their immediate vicinity and 
convert it into PHB. Beyond the oxygen penetration depth, no nitrification or rapid 
growth proceeds, however some limited amount of nitrate which is produced through 
nitrification at the outer layer of the granule in the presence of ammonia and oxygen 
can penetrate in both directions; towards the bulk liquid as well as deep into the 
granules. Nitrate diffusing into the granule beyond the penetration depth of oxygen 
is used by the denitrifiers, who take up acetate available at their vicinity, and 
consume it mostly for rapid growth, but also store it intracellularly via converting it to 
PHB. The nitrate diffusing outwards appears as the oxidized-N concentration in the 
bulk liquid. Upon exhaustion of acetate through rapid growth and conversion to 
PHB, the feast phase ends and the famine phase starts. 
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At the famine phase, aeration at 100% DO saturation concentration continues, but 
there is no acetate left available (zero concentration, thus no rapid growth) and 
penetration depth of oxygen increases. At this thicker oxic outer layer, ordinary 
heterotrophs continue to grow at a slower rate using the stored PHB as their C-
source and e-donor. At the same thicker outer layer, where oxygen and ammonia 
are available, nitrification proceeds, converting all the available ammonia to nitrate. 
Like in the feast phase, produced nitrate diffuses outwards, resulting in a certain 
amount of nitrate in the bulk liquid, and diffuses towards granule center. Again 
beyond oxygen penetration depth, this diffused nitrate is used by the denitrifiers to 
grow slowly on their intracellular C-storage products. Thus, both the ordinary 
heterotrophs at the thicker outer layer, where oxygen is present (at 100% DO level), 
and the denitrifiers deep inside the granule, where oxygen is absent and nitrate is 
present (due to diffusion of nitrate produced via nitrification), grow slowly on their 
PHB pools, resulting in a considerable decrease in overall growth rate of the system, 
which promotes attaining a slow growing microbial consortium, thus with respect to 
aggregative physiology, a stable aerobic granular biomass system. Apparently, the 
lower the oxygen penetration depth is, the higher the denitrification efficiency will be. 
In other words, denitrification, and thus overall N-removal efficiency, can be 
optimized if it is possible to keep the oxic outer layer as small as possible, without 
disturbing the nitrification process. In fact, modeling efforts have showed that 
application of 40% DO is optimum for attaining good denitrification in parallel to 
good nitrification in SND systems (Beun et al., 2001). 
Consequently, in order to optimize denitrification and overall N-removal efficiency, 
Mosquera-Corral et al. (2005) decreased the DO level to 40% at the second stage of 
their study (after 150 days). As expected, this change first resulted in an increased 
denitrification capacity. After 20 days of operation under these conditions, they 
reported complete nitrification and increased denitrification, summing up to an 
overall N-removal efficiency of 63%. However, filamentous structures were reported 
to appear on the surface of aerobic granules 10 days after switching to 40% DO 
application. Two weeks after decreasing the DO level, core of the granules became 
void, eventually causing the granules to disintegrate. Both the outgrowth of 
filamentous organisms and the disintegration of the granules resulted in 
deterioration of the settleability (SVI5= 100 mL/g; Figure 2.17). A biomass washout 
was observed under the applied high hydraulic selection pressure (vmin= 20 cm/min 
and vS= 2.5 cm/s), due to evolution of compact granules into hallow structures, 
appearance of smaller particles disintegrated from the granules and filamentous 
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structures sheared off from granule surface. MLVSS value was reported to drop 
from 5 to 3.5 g/L (Figure 2.17), which also resulted in a lower volumetric acetate 
uptake rate, slightly elongating the feast period (increased from 15.5 min in Stage-I 
to 20 min in Stage-II). Further loss of granule stability and disintegration of the 
granules resulted in smaller granules, in which oxygen penetration depth was the 
same as before, but the inner volume available for denitrification became smaller 
due to decreased size of granules. This eventually resulted in decrease of 
denitrification capacity again, as also apparent from the results reported by 
Mosquera-Corral et al. (2005), who stopped their experiments after observing 
considerable amounts of nitrate in the effluent again. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.17: Graph constructed from the data reported by Mosquera-Corral et al. 
(2005). Stage-I (Day1-150): 100% DO; Stage-II (after Day150): DO decreased to 
40% (a: conversion processes-related values prior to loss of granule stability); 
Stage-III (re-start with fresh floccular biomass): 40% DO (b). 
The researchers reported even worse results in terms of granulation when they re-
started their experiments with fresh floccular inoculum and with 40% DO level. They 
stated that the first small granules appeared within 10 days of reactor operation, but 
these were unstable and washed-out frequently, probably since their settling 
velocities were lower than 20 cm/min (vmin). The resulting biomass was a floccular 
one with a low density and poor settling property (SVI5= 200 mL/g). Under the 
applied hydraulic pressure, only a small amount of floccular biomass was 
maintained inside the reactor (0.9 g MLVSS/L). Mosquera-Corral et al. (2005) 
reported that acetate was present in the bulk liquid for 160 min. Considering 169 min 
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of overall aerobic reaction time, presence of acetate for 160 min indicated that the 
reactor operated almost entirely at a feast mode, leaving no time for a famine phase. 
In other words, impossibility of obtaining a high volumetric acetate conversion rate 
due to the low biomass level attained in the reactor caused acetate to be 
continuously available together with oxygen, thus diminished the effect of pulse-
feeding as a strategy to select for C-storing and slowly growing organisms.  
With regard to the nitrifying population, in the absence of aerobic granules, the slow-
growing nitrifiers were speculated to have no chance to grow in considerable 
quantities and be retained in the reactor; instead they were washed out. An other 
reason could be the rapid growth of heterotrophs, in the continuous presence of 
acetate and oxygen, outcompeting the nitrifiers in the race of oxygen consumption.  
As a final remark, Mosquera-Corral et al. (2005) underlined the need for developing 
a different feeding strategy, where application of low DO levels is inevitable, as in 
case of SND processes or in case of the need to lower aeration-related operational 
costs in full-scale biological WWTP, to overcome the detrimental impact of low DO 
levels on stability of aerobic granular biomass.  
The followings can be summarized from the abovementioned discussions:  
• It is possible to obtain stable aerobic granular biomass in a system operated at a 
pulse-feeding mode and aerated at an unlimited oxygen level. Full C-removal 
and complete nitrification are possible in such a system, but application of 
unlimited DO levels results in thicker aerobic outer layers, thus smaller volume 
for denitrification. Consequently, overall N-removal efficiency will be lower. 
• Increasing the denitrification capacity calls for availability of a bigger space free 
of oxygen, which could be realized by decreasing the thickness of the outer oxic 
layer via decreasing the applied DO level: the lower the concentration of DO in 
the bulk liquid, the higher the diffusion limitations, thus the lower the oxygen 
penetration depth. However, decreasing the DO level (from 100% to 40%) 
seems to disturb the delicate balance between feast-, C-storage, and famine 
phases, prolonging the feast phase, causing the reflux of external C-source 
more to rapid growth and less to C-storage, and favoring proliferation of 
filamentous organisms. Consequently, the core of the granule is suspected to 
turn to a volume where neither acetate nor oxygen is present, thus where the 
prevailing process is cell lysis. Eventually, the granules disintegrate and become 
smaller, with smaller inner parts free of oxygen, resulting in decreased 
denitrification efficiency.  
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• Operating a floccular biomass system at a low DO level (i.e., 40%) without 
attaining a granular biomass turns out to be the worst-case scenario both in 
terms of aerobic granulation and in terms of targeted conversion efficiencies. It 
seems as if the hydrodynamic pressure exerted via high vmin and high vS cannot 
be compensated with the microbial growth rates influenced by application of low 
DO levels, causing more and more biomass washout, and resulting in 
considerably low biomass concentrations in the reactor, thus lower volumetric 
acetate conversion rates, and significantly elongated feast conditions.  
2.7.3 Final refinement of operational conditions  
All the above discussions about the effect of DO level once more emphasize how 
delicate the balance between feast, C-storage and famine phases is, and that 
control on this delicate balance can be lost when an operational change is 
introduced to the system in an attempt to enhance conversion efficiencies. The 
dilemma between obtaining desired conversion efficiencies and controlling the 
balance required for a successful kinetic selection in favor of attaining stable aerobic 
granular biomass can be solved via absolute elimination of the feast phase, which is 
possible when the system is fed either intermittently (high initial substrate 
concentration) or continuously (low initial substrate concentration for a longer time), 
but definitely under anaerobic conditions (zero oxygen concentration), preventing 
growth to proceed and directing the entire flux of externally available substrate to 
anaerobic C-storage metabolism. Since all the externally available acetate can be 
converted to PHB under anaerobic conditions, no acetate remains for consumption 
of fast-growing filamentous organisms, thus application of low DO levels during 
aeration (famine phase) is of no significance any more with regard to its 
consequence resulting in structural instability of aerobic granular biomass.  
Both the heterotrophs and the denitrifiers requiring oxygen and nitrate, respectively, 
to generate the energy needed for conversion of external C-source to PHB, are to 
be disfunctioned under anaerobic feeding conditions, and only the microorganisms 
(like PAOS and GAOs) who are equipped with the metabolic tools to make use of 
alternative energy pools (like poly-P and/or glycogen, respectively) other than those 
related with oxygen or nitrate, can anaerobically store and then aerobically grow, 
and eventually outcompete the ones relying on the energy solely related with the 
presence of an external e-acceptor. Eliminating the feast phase and restricting the 
growth to occur only at the famine phase slowly on intracellular storage products 
translate into a metabolic selection pressure resulting in a system with a lower 
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growth rate where PAOs or GAOs become the dominant microbial populations, 
finding shelter in aggregative physiology and leaving no room for the fast-growers 
susceptible of deteriorating the structural stability of aerobic granules.  
The result is a biological system of a compact and excellently settling aerobic 
granular biomass, whose structural stability is ensured by the presence and 
metabolic activities of slow-growing PAOs, the latter also securing high C- and P-
removal efficiencies and decreasing the overall aeration requirements. The compact 
structure and excellent settling properties enable decreasing operational time and 
reactor volume, or for a given volume enable application of higher volumetric loads 
since more biomass can be retained in the designated reactor volume. These 
features are of great significance in terms of biological WWT applications, since they 
translate into reduced reaction times and/or smaller reactor foot-prints, decreased 
land requirements, thus decreased capital and operational costs. Moreover, it is also 
possible to obtain a stable aerobic granular biomass system where efficient overall 
N-removal, complete C-removal, and high EBPR are realized, no matter if it is 
desired to apply lower DO levels to promote SND during the aerobic phase or simply 
to lower aeration-related operational costs. As long as acetate is introduced to the 
system under anaerobic conditions, metabolically selected PAOs convert all the 
acetate into PHB, and then grow on these intracellular C-storage products while 
consuming mostly the oxygen supplied by aeration and present at the outer layer of 
the granule (at the aerobic famine phase), or the nitrate produced via nitrification 
and diffused towards the inner layers of the granule (denitrifying PAOs). 
A step-wise operational strategy can be used to initiate formation of granules and to 
maintain stability of formed aerobic granular biomass. During the start-up period, a 
high superficial upflow air velocity value (or a high shear force in general), which is 
known to force the microorganisms to aggregate, can be applied, but the settling 
time should be kept high enough to prevent extensive biomass washout and to 
maintain enough biomass in the reactor. After attaining a certain amount of 
aggregative-physiology initiated biomass in the reactor, settling time can be 
decreased to get rid off the floccular part of the biomass. The amount of biomass 
should be at such a level that microbial growth can compensate the increase in 
hydraulic selection pressure.  
Table 2.5 includes the operational conditions applied in two different studies where 
high EBPR efficiencies were reported in aerobic granular biomass systems. The 
results reported by Dulekgurgen et al. (2003a) are not evaluated here since they 
were harvested from the study which constructs the second part of this current PhD 
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dissertation and will be evaluated in details in Chapter 6. The data published by de 
Kreuk and her co-authors (de Kreuk and van Loosdrecht, 2004; de Kreuk and de 
Bruin, 2004; de Kreuk et al., 2005a) are the results from a long-term study 
conducted to evaluate possibility of improving aerobic granular biomass stability 
through selection of slow-growing PAOs (or GAOs) while securing desired 
conversion efficiencies (de Kreuk and van Loosdrecht, 2004), to determine 
applicability of lower DO levels to optimize SND without disturbing granule stability 
in anaerobically fed EBPR systems (de Kreuk et al., 2005a), and to outline the 
optimal operational conditions and critical design criteria for aerobic granular 
biomass technology optimized for biological nutrient removal (de Kreuk and de 
Bruin, 2004).  
de Kreuk and her colleagues operated one Sequencing Batch Airlift Reactor (SBAR, 
including a down comer unit (D=4 cm, H=90 cm) and one Sequencing Batch Bubble 
Column Reactor (SBBC), in accordance with the operational conditions given in 
Table 2.5. The most important operational conditions different than the ones applied 
in the previously reviewed studies are: (i) anaerobic feeding enabling absolute 
elimination of a real feast period; (ii) feeding continuously for 60 min at a slow rate 
from reactor bottom, resembling plug-flow feeding pattern through the settled 
biomass bed; (iii) securing a constant gas overflow rate, thus keeping the vS 
constant at 2.4 cm/s, via providing a mixture of air and N2 gas when the amount of 
DO supplied to the system was lower than 100%; (iv) introducing high level of ortho-
P to the reactors (20 mg PO4-P/L in the influent) to help select for PAOs; (v) 
inhibiting nitrification for the first 52 days of reactor operation to stabilize the 
conversion processes related with EBPR, then allowing the nitrification to proceed. 
Nitrification was prevented during start-up, since nitrate produced via nitrification 
would have been cycled to the head of the cycle where anaerobic feeding was 
undertaken, and presence of nitrate together with the externally available C-source 
during the anaerobic feeding, would have favored the rapid growth of denitrifiers 
over the C-storing PAOs, who had to compete for the same external substrate. 
The researchers reported that the first granules appeared on day 4, the flocks 
disappeared on day 9, and a totally granular biomass with a stable dgra value of 1.1 
mm was maintained in 21 days upon start-up of the SBAR. On the other hand, the 
first granules were reported to appear in 28 days and it took total of 60 days to 
maintain a totally granular biomass with a stable dgra value of 1.1 mm in the SBBC. 
The difference in the time needed for both initiation of granulation and reaching a 
steady-state in terms of granule size was stated to be due to the difference in overall 
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shearing forces, thus the hydrodynamic selection pressures, exerted on the 
microorganisms in the SBAR and SBBC. The shear rate was only due to the 
superficial upflow velocity (vS= 2.4 cm/s) in the SBBC, whereas the total shearing 
effect was much higher in the SBAR due to local shearing forces resulting from 
presence of the down-comer unit in the reactor. 
At the first stage (233 days), the SBAR was operated without any DO control at the 
famine phase (approx. 100%). Indicative parameters of granulation at steady-state 
were reported as dgra of 1.3 mm, SVI8 of 24 mL/g, MLVSS of 8.5 g/L, density-granule 
value of 89 g TSS/L, smoothness of 0.65 and roundness of 0.71 (Figure 2.18). No 
acetate leakage to the aerated (famine) phase was observed after 52 days, C-
removal efficiency was 100% (after day 52), and EBPR efficiency was 95% (after 
day 65). Inhibition of nitrification was stopped (Day 52) to allow the nitrifiers grow on 
granules already formed in the system. 34% of overall N-removal efficiency, despite 
of complete ammonia- and nitrite-oxidation, was due to the impossibility of achieving 
a high denitrification efficiency with 100% DO. Neither the C-removal, not the EBPR 
efficiency was affected by the presence and functions of the nitirfiers. 
With the same perspective as of Mosquera-Corral et al. (2005), de Kreuk and her 
colleagues decreased the DO level to 40% to decrease the oxygen penetration 
depth thus the thickness of outer oxic layer, and to obtain a bigger oxygen-free 
volume inside the granules, thus to enhance the denitrification potential. Similar to 
the observations of Mosquera-Corral et al. (2005), de Kreuk and her colleagues 
reported an initial enhancement in denitrification efficiency after decreasing the DO 
level from 100 to 40%. Accompanied by complete nitrification, this initial rise in 
denitrification resulted in 98% of overall N-removal for the first 35 days. However, 
again similar to Mosquera-Corral et al. (2005), the researchers also recorded a 
change in morphology of the granules after this period, resulting in more irregular 
structures with cracks towards the center, which eventually resulted in a decreased 
denitrification capacity (17 mg NO3-N/L in the effluent) and an overall N-removal 
efficiency of around 64%; a value same as the one reported by Mosquera-Corral et 
al. (2005) before the granules got disintegrated. Although a change in granule 
morphology was recorded sometime (25-35 days) after decreasing the DO from 100 
to 40% in both studies, the difference was that granule stability was lost and 
granules got disintegrated upon formation of the holes inside the granules in the 
study conducted by Mosquera-Corral et al. (2005), while the aerobic granular 
biomass did not loose its stability, despite formation of the cracks towards granule 
center, during 184 days of operation with 40% DO in the study conducted by de 
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Kreuk and her colleagues. As can be seen from Figure 2.18, an even more compact 
biomass was maintained under the applied conditions, as evident by increased 
MLVSS (12 g/L) and decreased SVI8 (20 mL/g) values. Moreover, applying 40% DO 
did not have any negative impact on C-removal and EBPR efficiencies either.  
To further enhance the denitrification capacity, the researchers decreased the DO 
level from 40 to 20%. Again, this change did not affect the presence and stability of 
the aerobic granular biomass and indicative parameters of granulation during 250 
days of operation with 20% DO were reported as dgra of 1.3 mm, granule density 
value of 78 g TSS/L, smoothness of 0.75 and roundness of 0.69. The resultant 
biomass was even more compact than that cultivated in the previous stage. 
Biomass concentration was 16.5 g MLVSS/L and SVI8 value was 14 mL/g (Figure 
2.18). Application of 20% DO caused an initial decrease in nitrification efficiency and 
it took more than 2.5 months for the slow-growing nitrifiers to completely restore the 
nitrification capacity. Meanwhile, 20% DO level ensured a high denitrification 
capacity, resulting in 94% overall N-removal efficiency.  
EBPR efficiency was still high (94%) during the first 3 months after decreasing the 
DO from 40 to 20% (Figure 2.18), but it was reported that ortho-P started to leak to 
the effluent after that period, and the researchers evaluated this not as a 
consequence of the decreased DO level, but as a result of reaching to the maximum 
biomass poly-P content value of 380 mg PO4-P/g MLVSS, thus offered adjusting the 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.18: Graph constructed from the data reported by de Kreuk and van 
Loosdrecht (2004), de Kreuk and de Bruin (2004), and de Kreuk et al. (2005a): 
Continuous reactor with 100% DO for the first 233 days, then with 40% DO for 184 
days, and finally with 20% DO for another 250 days.  
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SRT to a lower value via starting to waste biomass daily. It is noted here that start of 
decrease in EBPR coincides with restoration of complete nitrification capacity (2.5-3 
months after the operational change). Knowing that both the nitrifiers and the PAOs 
are slow-growers, actually with the same µmax value of 1 d-1 according to ASM2d 
(Henze et al., 1998), decrease in EBPR efficiency can also be speculated as a 
consequence of competition between the nitrifiers and the PAOs, consuming 
oxygen, supplied at a low concentration, for their growth.  
The researchers continued their reactor operation at 20% DO level, but stopped 
dosing ortho-P to the reactor. This resulted in disappearance of the PAOs and 
proliferation of the GAOs, yet did not affect granulation-related biomass properties. 
Values of granulation-related parameters with and without ortho-P dosage (with 20% 
DO supply) were similar. Moreover, values of granulation-related parameters 
reported for the SBBC (40% DO at the famine phase), were also similar to those 
reported for the SBAR operated under same conditions (40% DO). The only 
difference was as stated above the time needed to initiate and stabilize the aerobic 
granular biomass in the reactors. Based on the similar results obtained from the 
SBAR and the SBBR, the researchers concluded that as long as the metabolic 
selection of slow-growing PAOs was ensured via applying an anaerobic feeding 
pattern and supplying high ortho-P in the influent, level of hydraulic pressure, i.e. 
shearing rates, became less significant in ensuring the stability of aerobic granular 
biomass, but still of significance for initiation of granulation.  
Highlights of the long-term study by de Kreuk and her colleagues (de Kreuk and van 
Loosdrecht, 2004; de Kreuk and de Bruin, 2004; de Kreuk et al., 2005a) are as follows: 
• Anaerobic feeding provides absolute elimination of the feast period via genuinely 
separating the time when the external substrate is available and the time when 
growth proceeds, forcing the system to store the external C-source 
anaerobically; a process calling for metabolic activities other than those where 
external terminal e-acceptors are involved 
• Thus, anaerobic feeding is the primary component of metabolic selection 
pressure in favor of PAOs or GAOs, who make use of their intracellular energy 
reserves (poly-P and/or glycogen pools, respectively) to take-up external 
substrate and convert it to PHB in the absence of oxygen (or nitrate). 
• In a system with subsequent anaerobic/aerobic periods, PAOs or GAOs grow 
aerobically on their anaerobically stored PHB pools, and since growth on PHB is 
slower than growth on acetate, overall growth rate of the system is low.  
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• After initiating formation of granules via appropriate operational conditions (high 
shear, low TS, high HW/D), securing the presence-dominance of the slow-
growing PAOs or GAOs, ensures structural stability of aerobic granular biomass 
via cutting off the fast-growers, with dispersive physiology, from the system. 
• Stable aerobic granular biomass cultivated in an anaerobically fed sequencing 
batch system can perform complete C-removal (100%) and almost complete 
EBPR (97-94%), but have different overall N-removal efficiencies; the latter 
increasing with increasing denitrification capacities at decreasing %DO levels.  
• Decreasing the DO (famine phase) does not have a negative impact on stability 
of aerobic granular biomass: detrimental impact of applying low DO levels in the 
presence of externally available substrate is of no significance, since all acetate 
is stored during the anaerobic feeding period, leaving no acetate coinciding with 
introduction of oxygen (no matter if at a high or low level) to the system. 
• If nitrification is allowed before attaining enough PAOs in the reactor and 
stabilizing the conversion processes related with EBPR, presence of nitrate 
during anaerobic feeding may cause the relatively fast-growing ordinary 
denitrifiers to proliferate and to compete with the slowly-growing PAOs for the 
externally C-source.  
• Comparable results obtained by the SBAR and SBBR configurations, except for 
duration of the start-up period, reveals that as long as metabolic selection of 
anaerobically C-storing organisms is secured (anaerobic feeding), high shear 
pressure of the airlift reactor becomes less significant. This suggests the SBBR 
configuration as a promising alternative with a special significance in full-scale 
applications, since the relatively simpler reactor configuration is likely to provide 
an ease in scaling-up and in pilot/full-scale operations. 
• Phosphorus removed from the bulk liquid is stored as in the form of intracellular 
poly-P pools. Thus, as long as maximum poly-P storage capacity is not 
exceeded, EBPR proceeds with a high efficiency. However, biomass is usually 
not discarded from granular biomass systems on daily basis (high SRT, low 
growth yield). P-leakage to the effluent under these conditions can be eliminated 
by lowering the SRT via wasting some granular biomass on daily basis.  
• Presence of aerobic granules helps the naturally slow-growing nitrifiers be 
retained in the system longer, through providing a safe growth-environment for 
them, who are susceptible to be washed out of the system due to their low 
growth rates if remained in suspension. 
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2.8 Microbial Community Structure and Function in Aerobic Granular 
Biomass Systems Determined via Advanced Molecular Techniques 
2.8.1 Importance of culture-independent studies and application of advanced 
molecular techniques  
Today, it is well accepted that application of traditional microbiological and culture-
dependent techniques such as selective media enrichment, pure culture isolation, 
most probable number estimations, viable plate counts, as well as phenotypic tests 
such as Gram reaction, oxidase reaction, carbon utilization patterns, determinative 
identification schemes, and morphological characterization, have several limitations 
and a high potential of introducing bias, and thus delimitates not only identification 
and quantification, but also assessment of distribution and behavior of activated 
sludge microorganisms. Most limitations of culture-dependent techniques are due to 
absence of a suitable culture medium that can support growth of all organisms 
present activated sludge. Conventional media are selective for certain 
microorganisms and often insufficient for cultivation of slow-growing and fastidious 
organisms, thus introducing bias in favor of rapidly growing bacteria. Only a small 
fraction of the actual community survives under culturing conditions, leading to 
misinterpretation of microbial diversity.  
The need for complete and accurate identification-quantification of important 
microbial populations, as well as resolution of the extent of contribution by members 
of microbial communities to the observed conversion processes in biological 
wastewater treatment systems, have challenged researchers to develop different 
approaches and advanced procedures. Being one of the milestones of this progress, 
the phylogenetic approach, based on comparative sequence analyses of ribosomal 
RNA (rRNA) genes and application of rRNA-targeted oligonucleotide probes, has 
overcome most problems and biases associated with application of traditional 
microbiological techniques, and it has been successfully used to identify-quantify the 
members of various activated sludge microflora and to unveil population dynamics 
(Dulekgurgen, 1997).  
Introduction and application of the advanced molecular techniques like standard 
PCR, quantitative PCR, sequence capture, conformation-based analyses, 
denaturing and thermal gradient gel techniques, gene expression methods, fatty 
acid profiling, proteomics, in-situ techniques, screening and construction of clone 
libraries, comparative SSU rDNA sequence analyses, in situ and ex situ 
hybridizations with SSU rRNA-targeted oligonucleotide probes, etc., in natural 
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sciences as well as in the field of environmental science and engineering have 
resulted in a dramatic increase in our knowledge of composition and eco-physiology 
of microbial communities. Now for more than two decades, culture-independent 
molecular techniques have been in use as non-invasive tools for in situ evaluation of 
population diversity and dynamics in activated sludge systems. This in return helps 
meaningfully fill the gap between science and engineering, particularly in the field of 
biological wastewater treatment.  
For phylogenetic studies, it is essential to select an appropriate macromolecule, 
which is universally distributed, considerably being conserved during the 
evolutionary progress, and functionally homologous (Woese, 1987). From this 
standpoint, rRNA molecules are accepted as almost the best non-culture based 
descriptors of microorganisms, because of rich phylogenetic information that can be 
obtained from these cell components (Woese 1987; Ward et al., 1992). Comparative 
analyses of rRNA molecules, or rDNA segments (the genes encoding the rRNAs), 
allow designing phylogenetically based rRNA-targeted oligonucleotide probes, which 
can be used for identification and quantification of activated sludge microorganisms.  
Highly conserved regions of SSU rDNAs facilitate design of probes detecting 
virtually all organisms (Woese, 1987; Zheng et al., 1996), or almost all members of 
the phylogenetic domains being Bacteria (probes designed by Amann et al., 1990; 
and Daims et al., 1999), Eukarya (probes designed by Lim et al, 1993; Giovanni et 
al., 1998; and Hicks et al., 1992), and Archaea. Different phylogenetic levels can be 
targeted via oligonucleotide probes designed complimentary to regions with different 
degrees of conservation [i.e., probes specific for subclasses of the Proteobacteria 
(Manz et al., 1992); Gram-positive bacteria with high DNA [G+C] content (Manz et 
al., 1994); the phylum Cytophaga-Flavobacter-Bacteroides (Manz et al., 1996); the 
PAO and GAO clusters (Crocetti et al., 2000 and 2002, respectively); members of 
the genus Acinetobacter (Wagner et al., 1994; Dulekgurgen, 1997), some species 
and strains within the genus Acinetobacter (Oerther et al., 1998)]. 
Target nucleic acids immobilized on specific membranes (dot-blot hybridization) or 
present in intact cells (whole-cell hybridization) can be hybridized with labeled 
oligonucleotide probes and the amount of bound probe can be quantified by 
microautoradiography, fluorescence- or confocal laser scanning-microscopy, flow 
cytometry, etc. The pronounced advantage of nucleic acid probes is that they can be 
applied directly to samples without prior cultivation, thus avoiding several limitations 
and biases of conventional microbiological methods, offering in situ evaluations, and 
thus making it possible to broaden our understanding of biodiversity in wastewater 
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treatment systems. Whole cell hybridization, in other words Fluorescent In Situ 
Hybridization (FISH) with SSU or LSU rRNA-targeting oligonucleotide probes tagged 
with fluorochromes, is one of the most widely practiced culture-independent 
advanced molecular technique among those mentioned above.  
So far, numerous FISH studies with SSU or LSU rRNA targeting oligonucleotide 
probes have been carried out in the field of environmental science and engineering 
to determine composition of the microbial communities as well as the relative 
abundancies of bacterial groups of significance (i.e., the presence and relative 
abundancies of PAOs and GAOs in EBPR systems), and to monitor population 
shifts in transient modes like during periods of operational changes in biological 
wastewater treatment systems. A comprehensive review on FISH applications, 
either alone or in combination with other advanced molecular techniques, in 
biological wastewater treatment systems, is conveniently provided in recent 
publications by Wagner et al. (2002) and Wilderer et al. (2002). Some studies with 
FISH applications in aerobic granular biomass systems are exemplified in Section 
2.8. Moreover, a detailed review on some of the FISH applications in EBPR systems 
is provided in Chapter 3, Section 3.4. 
Another culture-independent advanced molecular technique is the Denaturing 
Gradient Gel Electrophoresis (DGGE). This is a widely-used community profiling 
technique, thus revealing the fingerprint of complex microbial communities via 
allowing the analysis of PCR products amplified from SSU rDNAs in a complex 
microbial community. DGGE involves identification of single base changes in DNA 
fragments through the alteration of electrophoretic behavior due to not size but 
sequence differences. It depends on the principle that when double-stranded DNA 
fragments of the same size but different sequence composition are subjected to 
electrophoresis on an acrylamide gel with a linearly increasing gradient of 
denaturing agents (formamide and urea), fragments melt in unique segments 
(melting-domains) with decreased mobility. Since melting-domains are sequence-
specific, partly-but-not-totally denatured double-stranded DNA amplicons with 
different sequence compositions stop migrating at different levels of the gel, thus get 
spatially separated. To prevent total denaturation, thus migration due to size, a GC-
rich sequence of approx. 40 nucleotides (GC-clamp) is attached either to 5’-end of 
the forward primer or 3’-end of the reverse primer, providing a security-lock at one 
end of the amplified double-stranded DNA fragments. With the current technological 
extent, the spatial resolution of PCR-amplified SSU or LSU rDNA fragments of 
extracted genomic DNAs is limited to an amplicon size of maximum 500 bp.  
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DGGE procedure can be used as a down-stream application, i.e. for describing 
microbial community profile in a system under defined conditions or for monitoring 
microbial population shifts over time or due to changes in operational conditions. 
Further details on DGGE technique and its application in microbial ecology can be 
found in the mini-review provided by Muyzer and Smalla (1998). In addition to that, 
application of DGGE as a community profiling technique in activated sludge systems 
is conveniently reviewed and summarized in the work by Wilderer et al. (2002). 
Some examples of community profiling via DGGE in aerobic granular biomass 
systems are reviewed in details in Section 2.8. 
The following subsections are dedicated to the review of the limited literature about 
the microbial community structure and function in aerobic granular biomass systems 
determined by the help of advanced molecular techniques like FISH, use of 
microelectrodes, and/or a variety of microbial community profiling techniques like 
DGGE, ARDRA, SSCP, RFLP, etc. The reviewed studies are classified mainly into 
three groups based on the issues they were addressing via exploring the microbial 
community structure and function in aerobic granular biomass: (i) monitoring the 
evolution of the microbial community from the inoculum to the granulated form (no 
matter what the selection pressure is, either hydraulic, or kinetic, or metabolic); (ii) 
determining the microbial groups responsible for the observed conversion processes 
and confirming the presence of special functional groups; (iii) and finally refining the 
correlation between identity, function, and extent of contribution. 
2.8.2 Microbial population shifts: from inoculum to granular biomass 
Etchebehere et al. (2003) operated two lab-scale anoxic UASB reactors which were 
fed with acetate as the sole C- and e-donor and with nitrate as the terminal e-
acceptor externally provided at a COD/N ratio of 4, thus operated for denitrification. 
The researchers inoculated one of the reactors (R1) with intact methanogenic 
granules collected from an anaerobic UASB reactor treating brewery wastewater, 
and the other reactor (R2) with the granules collected from the same source, but 
they disintegrated the granules prior to inoculation. Evolution of the microflora from 
intact or disintegrated anaerobic granular inocula to denitrifying granular biomass in 
R1 or R2, respectively, were monitored by culture-independent methods.  
SSCP (Single Strand Confirmation Polymorphism); a technique based on different 
electrophoretic mobility of 16S rDNA molecules with different sequences, was 
reported to be used to monitor the microbial population shifts. For that purpose, the 
biomass samples were collected from the reactors at 5 different operational times 
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(months 0, 3, 4, 10, and 11), and microbial community profiles, consisting of 
multiple-peaks where each peak was considered to represent a dominant organism, 
were obtained. After determining the community profiles in each sample via SSCP, 
two samples from R1 (month-4 and month-11) were selected to proceed with 
cloning, sequencing, and SSCP analyses of the clones, in order to further identify 
the dominant peaks in these samples. Results can be summarized as follows: 
• The microbial community in the inoculum (intact and disintegrated methanogenic 
granules) was considerably diverse as indicated by the high number of peaks 
detected at the SSCP-profiles. High microbial diversity in the inoculum can be 
attributed to two interrelated causes: First, anaerobic granules are not only multi-
cellular structures but also are complex multi-species microbial formations 
(Subsections 2.1 and 2.4) with syntrophic arrangements, and second, anaerobic 
granules used as the inoculum were harvested from a UASB reactor treating a 
real brewery wastewater with a complex composition of calling for a complex 
microbial community capable of degrading variety of substrates.  
• There was a clear shift in the microbial community composition in both reactors 
within 3 months of operation, which was evaluated by the researchers as 
adaptation of the methanogenic inoculum to denitrifying conditions. Three points 
were of interest regarding the observed population shifts: (i) regardless of the 
physical characteristics of the anaerobic methanogenic granules used as the 
seed biomass for R1 (intact granules) or R2 (disintegrated granules), the 
microbial populations in both reactors evolved in the same way, (ii) as 
disappearance of numerous peaks originally present in the inoculum, and 
appearance of new peaks within 3 months, indicating selection of a specialized 
denitrifying community, (iii) the number of peaks (only 7) in SSCP-profiles of the 
biomass samples harvested after 3 months was much less than those 
determined for the inoculum, indicating that the microbial communities in 
denitrifying reactors, fed with a single and simple substrate (acetate), were 
significantly less diverse when compared to the inoculum, fed with brewery 
wastewaters with complex substrate composition.  
• 7 dominant peaks were present in all samples (3rd, 4th, 10th, and 11th months), yet 
relative abundancies changed in time, indicating that after the denitrifying 
populations with few but different species were maintained, microbial diversity of 
the granular biomass did not change in time, but some species became dominant.  
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• Cloning, partial sequencing, further SSCP-profiling of the isolates from the 
reactors, and comparative sequence- and SSCP-profiles-analyses allowed 
assigning the organisms represented by one peak belonging to the genus 
Paracoccus delineated within the α-subclass of Proteobacteria, and the ones 
represented by two different peaks to the genus Thauera delineated within the β-
subclass of Proteobacteria. The SSCP-peak, one out of 7 dominant peaks and 
with increasing intensity towards the end of reactor operation, was determined to 
match the SSCP-peaks of several clones from R1 with partial sequences closely 
related with the genus Denitromonas delineated within the β-subclass of 
Proteobacteria, indicating a probable enrichment of Denitromonas spp. in the 
reactors operated for denitrification, and thus further specialization of the 
microbial communities of the granular biomass for denitrification. 
Etchebehere et al. (2003) reported that several strains isolated and assigned to the 
genera Paracoccus and Thauera, were determined to show adhesive/aggregative 
properties both in liquid- and on solid- cultivation media, thus the researchers 
speculated that these organisms were selected during granule formation due to their 
adhesive/aggregative properties. On the contrary, pure cultures of the isolates 
related with the genus Denitromonas did not show any aggregative property. Yet it 
should be remembered that behavior of microorganisms existing in a complex 
community might be significantly different than that in a pure culture (Section 2.4). It 
might the stated that the denitrifying granules formed in the reactors, partly due to 
the aggregative properties of the organisms related with the genera Paracoccus and 
Thauera, served as safe growth environments for the ones related with the genus 
Denitromonas enabling their retention and further enrichment.  
In addition to monitoring the microbial population dynamics via SSCP-profiles, 
Etchebehere et al. (2003) ran FISH experiments on the samples collected from R1 
by the end of the study to quantify certain target groups of the denitrifying granular 
microflora. Oligonucleotide probes targeting α-, β-, and γ-subclasses of Proteo-
bacteria (Alf968, BET42a, and GAM42a, respectively), and the domains Bacteria 
and Archaea (EUB338 and Arch915, respectively) were used. Quantitative results 
from the FISH experiments revealed a microbial community highly enriched in α- 
and β-subclasses of Proteobacteria, with no members from the γ-subclass, and 
these outcomes were in line with the qualitative results of the SSCP-profiling 
analyses. Low levels of Archaea cells in the denitrifying granules were supposed to 
originate from the methanogenic inoculum.  
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McSwain et al. (2004a) inoculated two column-type SBRs with floccular biomass 
from a conventional biological WWTP and operated the reactors with 90 min of 
unmixed-unaerated continuous filling period, followed by 120 min of aerated period, 
for aerobic C-removal (glucose and peptone). The results of this study were 
reviewed in Subsection 2.5.1 with respect to the influence of different settling times 
(R1: 10 min and R2: 2 min) on biomass characteristic and aerobic granulation. As 
previously mentioned, first aerobic granules appeared in a week (R1 and R2), some 
biomass washout occurred in R2, but not in R1 within 2 weeks, reactor contents 
turned into a mixture of aerobic granules and suspended flocks within 52 days, and 
biomass characteristics started to diverge after 80 days, eventually resulting in 
totally granular biomass in R2 (TS= 10 min) and a mixture of granules and floccular 
biomass in R1 (TS= 10 min). McSwain et al. (2004a) used DGGE as the culture-
independent method to asses the microbial community dynamics and to enlighten 
the impact of settling time on species selection. Biomass samples collected from R1 
and R2 during the first month of operation (days 0, 3, 7, 14, and 28), as well as after 
reaching a pseudo-steady state (days 160 and 220), were subjected to DGGE 
analyses.. Results can be summarized as follows:  
• There were several bands present in the DGGE-profile of the inoculum, 
indicating a high microbial diversity. This was expected since the floccular seed 
biomass was taken from a full scale biological WWT treating real wastewater. 
• Several DGGE-bands were detected for the samples collected on days 3, 7, and 
14 from R1, indicating a high diversity, yet community composition gradually 
diverged from that of the inoculum within 2 weeks. Some bands present in the 
inoculum disappeared and some new band appeared, and one organism/cluster 
became dominant, as evident by the increased intensity of a single DGGE-band 
present in all DGGE-profiles from days 3, 7, and 14.  
• This dominant organism/cluster (single most intense DGGE-band on days 3, 7, 
and 14) was still present in R1 on day 28, though its relative abundancy was 
considerably decreased (decreased intensity of the same band on day 28). 
• Similar results were reported for the biomass samples collected from R2 at the 
corresponding days. The difference was that the dominant organisms on day 28, 
represented by the intense DGGE-bands, were different in R1 and R2.  
• These observations are speculated here to indicate adaptation of the inoculum, 
fed with real wastewater at a full-scale treatment plant, to new operational 
conditions, of being fed with synthetic wastewater in lab-scale SBRs.  
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• DGGE-profiles of the biomass samples form both reactors collected at steady-
state (days 160 and 220) were different than those determined on day 28, 
however the difference was much more pronounced for R2, which was operated 
with 2 min settling time and housed a totally granular biomass.  
• %similarity (based on Pearson correlation) between community composition of 
the floccular biomass in R1 and that of the granular biomass in R2 was only 19% 
on day 160, indicating a major community divergence upon granulation.  
• % similarity between community compositions of floccular biomass samples 
from R1 collected at steady-state on days 160 and 220 was 57%, and that from 
R2 collected on the same days was as high as 96%. These results suggested 
that the floccular biomass in R1 was more dynamic in terms of population shifts 
than the granular biomass in R2, even at steady-state. 
• Steady-state DGGE-profiles of the granular biomass from R2 (days 160 and 
220), which were 96% similar to each other, consisted of a few bands, indicating 
a considerably low microbial diversity when compared to the inoculum as well as 
to the community composition determined in the same reactor at the first month 
of operation. Moreover, two consecutive DGGE-bands with the highest 
intensities were determined to be common to the steady-state profiles. The 
normalized relative intensities of these two consecutive DGGE-bands were 3.5 
times higher than that of the DGGE-band with the next highest intensity. These 
observations suggested a pronounced selection of particular organisms/clusters 
during progress of aerobic granulation promoted by high hydraulic selection 
pressure of 2 min settling time. 
The researchers conducted another study to determine the influence of different 
feast-famine conditions on aerobic granulation (McSwain et al., 2004b). Results of 
this study with respect to formation and stability of aerobic granular biomass were 
previously evaluated in details in Subsection 2.7.1. As mentioned previously, 
although granulation was sustained in all three SBRs, the best aerobic granular 
biomass with best settling properties (SVI= 46 mL/g) and highest granule stability, 
as well as best steady-state morphology, was maintained in R1, operated with a 90 
min continuous feeding under anaerobic conditions (100% anaerobic fill time) 
(Figure 2.15), whereas the granular biomass cultivated in R2 with “67% anaerobic 
filling time” and in R3 with “33% anaerobic filling time” were worse in terms of 
granulation (60 and 114 mL/g of SVI, respectively) and stability (presence of 
filamentous organisms). Microbial population shifts, during evolution of the biomass 
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from floccular inoculum to steady-state granular form under different degrees kinetic 
selection pressure, were also determined by the researchers via evaluations of the 
DGGE-profiles of the biomass samples collected from the reactors on days 14, 28, 
160, and 220 (McSwain et al., 2005). Results of this community profiling study are 
summarized below. It should be noted here that the SBR, operated with 100% 
anaerobic fill and 2 min of settling time, was named as R2 in McSwain et al. (2004a), 
and as R1 in McSwain et al. (2004b) and McSwain et al. (2005). The latter notation, 
provided in McSwain et al. (2005), is used below while summarizing the results:  
• Community compositions in R1, R2, and R3 on day 14 were 30%, 18%, and 3% 
similar to that of the inoculum, pointing to a significant divergence (at a higher 
rate) in R3. The researchers concluded that the long aerobic phase (60 min) 
during 90 min of continuous feeding in R3 resulted in community almost totally 
different than that of the inoculum, even within 2 weeks of operation.  
• %similarity between the granular biomass samples collected at steady-state (days 
160, 220) was 96% for R1, 83% for R2, and 75% for R3. Considering that the 
lower the %similarity at steady-state, the more dynamic the biomass in terms of 
population shifts, poorly settling granular biomass in R3 with many filaments, was 
deduced to be more susceptible for further shifts under steady-state conditions. 
• For each reactor, two organisms/clusters, represented by two DGGE-bands with 
highest intensities, were determined to be dominant at steady-state. One of 
these bands was detected in both R1 and R2, indicating that one out of two 
dominant organisms/clusters were selected and dominated in both reactors. On 
the other hand, the two dominant organisms/clusters of R3 were totally different 
than the ones detected in R1 and R2. Moreover, one out of two most intense 
DGGE-bands detected in the samples from R3 at steady-state (days 160 and 
220) was the same as the most intense DGGE-band detected on day 14. This 
particular DGGE-band was also present in the samples from R1 and R2 on day 
14, and was probably inherited from the inoculum. It is suggested here that one 
particular organism/cluster present in all SBRs was washed out from R1 and R2, 
whereas persisted in R3 during the course of reactor operation, and became the 
dominant member of the microbial community in the latter.  
McSwain et al. (2005) continued their work to phylogenetically relate the organisms 
selected in the SBRs with known lineages, via excising the dominant DGGE-bands, 
purifying, and sequencing, and running comparative sequence analyses. Following 
conclusions are derived from the results reported by the researchers:  
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• The steady-state dominant organism/cluster shared by R1 and R2 was 
phylogenetically related to Ferribacterium limneticum delineated within the 
Rhodocyclaceae Family. The other dominant one in R2 was related to Thiothrix 
sp. OS-F delineated within the Thiotrichaceae Family. One of the steady-state 
dominant organisms/clusters of R3 was also affiliated to a member (Thiothrix sp. 
CT3) of the same family. Considering that the Thiothrix spp. are among the well-
known filamentous organisms existing in biological WWTPs, the results of the 
molecular analyses were considered to correlate well with the results of the 
conventional morphological evaluation of the steady-state aerobic granules 
(presence/proliferation of filamentous organisms in R2 and R3), as well as with 
the results of reactor performance in terms steady-state settling properties.  
• R2 and R3 were fed continuously for 90 min at a low rate and aerated for the 
last 30 and 60 min, respectively, of the feeding period (prior to 120 min aerated 
react phase). Thus, both reactors were supplied by external substrate at a 
constant and low level in the presence of oxygen; conditions known to favor 
growth of filamentous organisms (KS-strategists able to grow rapidly on external 
C-source at low concentrations). Consequently, phylogenetic identification of the 
selected and dominating organisms in both reactors as being closely related to 
Thiothrix spp. –filamentous organisms-, was considered to provide a molecular 
evidence to failure of the delicate balance between the feast, C-storage-, and 
famine conditions and to divergence of the kinetic pressure in the direction of 
favoring proliferation of the filamentous organisms with poor settling properties in 
these reactors, instead of suppressing their growth.  
Yi et al. (2002) also employed microbial community profiling for aerobic granular 
biomass sampled from a lab-scale SBR at three different growth stages (young, 
mature and old granules), and determined population shifts during the process of 
maturation. The system was inoculated with a biomass collected from a WWTP and 
operated for aerobic C-removal (2000 mg COD/L from glucose, peptone and meat 
extract). dgra values of young granules with smooth surfaces and mature granules 
with fluffy edges were reported as <2 mm and >2 mm, respectively. Old granules 
were reported to contain black central regions. The culture-independent technique 
applied by Yi et al. (2004) was the PCR-cloning method, including construction of 
16S rDNA clone libraries and screening for genetic variability via comparative 
evaluation of RFLP (restriction fragment length polymorphism) patterns. After 
constructing a total of three clone libraries, each corresponding to microbial 
community structure of a particular biomass sample (young, mature, or old 
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granules), comparison of RFLP-types, also called as OTUs (operational taxonomic 
units) within each clone library, was carried out to determine the diversity within a 
single clone library, and comparison of OTUs among different clone libraries was 
carried out to determine similarities between microbial communities of different 
biomass samples, or in other words to show the population shifts while evolving 
from young to mature and then to old granules. Details of various statistical methods 
applied for comparative evaluations can be found in Yi et al. (2002). Results 
reported by the researchers can be summarized as follows: 
• Three clone libraries of 16S rDNA clones from the biomass samples of young, 
mature, and old granules, included a total of 144 clones. Results of cluster 
analyses revealed identification of a total of 56 OTUs in these clone libraries. 
• Microbial community composition in young, mature, and old granules exhibited 
significantly different profiles both in terms of distribution and of relative 
abundances of 16S rDNA clones detected in corresponding clone libraries 
represented by different OTUs. Clone libraries from different biomass samples 
were dominated with different OTUs. These results indicated an apparent shift in 
microbial community structure in the course of progress of granulation.  
• Although the most frequently occurring OTUs were different in clone libraries of 
granular biomass at different growth stages, some OTUs were determined to be 
present, albeit in different abundances, in all libraries. These common OTUs were 
speculated to represent the organisms having a significant role in granulation. 
• The species richness values, representing the total number of species or OTUs, 
were calculated as 19.7, 22.8, and 21.2, for the young, mature, and old granules 
respectively. Besides, the diversity indices calculated with different statistical 
methods indicated that the microbial communities in mature and old granules 
were more diverse than that in young granules.  
2.8.3 Determining the microbial groups responsible for observed conversion 
processes and confirming the presence of special functional groups 
Zhu et al. (2001; 2005) inoculated a column-type lab-scale SBR with a floccular 
biomass collected from a full-scale conventional WWTP, and operated the reactor 
for C-, N-, and P-removal (460 mg COD/L from glucose and peptone, 24 mg TKN/L 
or 13 mg NH4-N/L, and 10 mg PO4-P/L in the influent), with the following conditions: 
75% exchange ratio, 6 hr TC, 15 min anaerobic TF, 1 hr 40 min unmixed+unaerated 
period, 3 hr 30 min aerobic period (DO at almost 100%), 20 min TS, 15 min TW.  
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The researchers reported that within 2 months, the floccular biomass changed into a 
fully granular form with no filamentous organisms and remained stable for more than 
a year. Steady-state values of indicative parameters of granulation were dgra of 1-3 
mm, SVI of 20 mL/g, and MLSS of 10-13 g/L, and those for reactor performance were 
95% COD-removal, 97-99% P-removal, 100% nitrification, and 75% denitrification. 
Zhu et al. (2001; 2005) ran FISH experiments to investigate community composition 
of the granular biomass, and used homogenized samples to determine relative 
abundances of different microbial groups, as well as cryo-sectioned granules (sliced 
into 20 µm thickness) to confirm presence of targeted microbial groups and to 
determine spatial distribution of these microorganisms throughout the 3-D granules. 
Bacterial community was targeted with the probe EUB338. Oligonucleotide probes 
ALF1b, BET42a, and GAM42a were used to detect the microorganisms belonging to 
the α-, β-, and γ-subclasses of the Proteobacteria, respectively. Oligonucleotide 
probe PAO651, targeting a cluster of PAOs affiliated with the Rhodocyclus tenius 
subgroup within the Rhodocyclus genus, was used to determine presence and 
abundancy of the PAOs in the granular biomass. Other oligonucleotide probes used 
in the study were, Aca23, NSO1225, Sna23a, HGC69, and LGC, targeting 
respectively the Acinetobacter spp., certain ammonia oxidizers, Sphaerotilus natans 
and relatives, High G+C Gram positive bacteria, and Low G+C Gram positive 
bacteria. Results reported by the researchers can be summarized as follows: 
• Organisms belonging to the β-, and γ-subclasses of Proteobacteria were more 
abundant than those belonging to the α-subclass. Relative abundances of the 
microorganisms belonging to the High G+C and Low G+C Gram positive 
bacteria lineages were much lower than those determined for three 
Proteobacterial subclasses. 
• Signal from the NSO1225 probe was low, indicating that ammonia oxidizers 
targeted with this probe were present in the granular biomass in low quantities. 
Considering that the granular biomass had a nitrification efficiency of 100%, this 
suggested that nitrification was mainly due to presence of microorganisms other 
than those related to the cluster targeted with the NSO1225 probe. 
• No signal was detected from the Sna23a probe targeting the S. natans, a well-
known filamentous microorganism, and its relatives. This molecular data was in 
agreement with the morphological structure of the aerobic granular biomass with 
no filamentous organisms. Moreover, it is speculated here that feeding the 
system under anaerobic conditions, known as the primary condition for absolute 
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elimination of the feast period, and thus for metabolic selection of anaerobically 
C-storing and aerobically slow-growing organisms (i.e., PAOs or GAOs), made it 
impossible for the filamentous microorganism -S. natans- survive in the system, 
considering that this species is a well-known microorganism among the fast-
growing filamentous organisms causing low DO-bulking problems and 
consuming externally available readily biodegradable substrate in the presence 
of oxygen, thus requiring a real feast phase for proliferation. 
• Signals from the PAO651 and ACA23 probes were at moderate levels, indicating 
that the microbial groups targeted with these probes were present in the aerobic 
granular biomass at moderate quantities. As mentioned above, overall P-removal 
efficiency reported by the researchers was significantly high (97-99%). Yet, 
considering the level of applied COD:P ratio (46 mg COD/mg PO4-P) and the 
amount of ortho-P applied to the system (7.5 mg PO4-P/L in the reactor), it is not 
possible to state that the system was operated with the prime objective of EBPR. 
Consequently, detection of PAOs not at high but moderate levels was acceptable. 
• Experiments on cryo-sectioned granules revealed that both the PAOs targeted 
by the PAO651 probe and the Acinetobacter spp. targeted by the ACA23 probe 
were resided at the outer layer of the granules. These observations were 
speculated here to indicate that the PAOs, who were –if not denitrifying- in need 
of oxygen as their terminal e-acceptor to grow on their intracellular C-storage 
products during the famine phase, conveniently localized themselves at the 
outer layer of the granules, where oxygen was available (being close to bulk 
liquid aerated at almost 100% saturation level).  
• No signal was detected from the PAO651 and ACA23 probes at the depths of 
the granules. Remembering that the denitrification efficiency of the system was 
75%, the granules were 1-3 mm in diameter, and the system was aerated almost 
at 100% DO saturation level, it is not possible to state whether the observed 
denitrification efficiency was due to the presence of denitrifying PAOs localized 
in the depths of granules beyond the oxic outer layer and right at the vicinity of 
the nitrifiers supplying nitrate to the former to be used as the terminal e-acceptor 
during growth on intracellular PHB pools (denitrification), being phylogenetically 
different than the ones targeted with the employed probes, or due to presence of 
denitrifying organisms other than the denitrifying PAOs. Moreover, it is also not 
possible with the provided data to decide whether the observed denitrification 
efficiency was due to SND occurring at the famine phase with involvement of 
denitrifying PAOs and/or other denitrifying organisms consuming PHB as their 
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C-source, or due to metabolic activities of some other denitrifiers consuming 
external C-source supplied at the unmixed+anaerated period and nitrate 
recycled from the previous aerobic period to the “so-called anaerobic phase”. 
• Finally, fluctuation of pH during cyclic operation is believed to deserve attention 
while evaluating the observed P-removal efficiency and correlating that to 
presence of PAOs determined by FISH. The researchers reported that they did 
not employ any pH control. pH values were reported to oscillate between 7.3-6.4 
during the anaerobic period and increase gradually during the aerobic period, 
reaching to 7.9. It is known that chemical P-precipitation occurs at pH> 7.0-7.2, 
and is greatly enhanced when pH≥ 8.0. Thus, 97-99% of overall P-removal 
might not be due only to biochemical incorporation of the influent phosphate into 
intracellular poly-P pools of the PAOs in the aerobic granular biomass, but might 
be due to combined effect of biological conversion and chemical precipitation.  
Results of the comprehensive long-term study conducted by de Kreuk and her 
colleagues (de Kreuk and van Loosdrecht, 2004; de Kreuk and de Bruin, 2004; de 
Kreuk et al., 2005a), was reviewed in details in Subsection 2.7.3 with respect to 
aerobic granular biomass stability and observed biochemical conversion efficiencies 
related with EBPR, C- and N-removal (SND) processes. To confirm presence and 
location of special functional microbial groups within the aerobic granules, and thus 
to qualitatively correlate the observed conversion processes to microbial community 
composition of the aerobic granular biomass, the researchers carried out FISH 
experiments on either crushed or thin-layered granules. Oligonucleotide probes 
used in the FISH experiments were PAOMix (a mixture of the probes PAO462, 
PAO651, and PAO846) targeting three PAO clusters closely related to some of the 
Rhodocyclus spp. and Propionibacter pelophilus, NSOMix (a mixture of the probes 
NSO1225 and NSO190) targeting some nitrifying organisms, the probes GAOQ431 
or GAOQ989 targeting the GAOs, collected under the general name of “Canditatus 
competibacter phosphatis” and phylogenetically delineated within the γ-subclass of 
Proteobacteria. Bacterial community was targeted by EUB338Mix (a mixture of the 
probes EUB338, EUB338II, and EUB338III covering approximately 91.8% of the 
domain Bacteria). Results of these experiments reported by the researchers (de 
Kreuk and van Loosdrecht, 2004; de Kreuk et al., 2005a) and the conclusions 
derived from these results can be summarized as follows: 
• Regardless of the level of DO (100%, 40%, or 20%) applied during the aerobic 
famine phase of the SBAR operated for SND and EBPR, the dominant microbial 
functional group of stable aerobic granular EBPR biomass (95% EBPR 
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efficiency) was the PAOs detected by the PAO-specific probes (PAOMix). A 
weak signal from the GAO-specific probe revealed that some GAOs were also 
present, yet at a considerably low level. Similar to the case for the SBAR, PAOs 
dominated the stable aerobic granular EBPR biomass cultivated in the SBBC 
(operated with 40% DO level at the aerobic famine phase). 
• Upon stopping dosage of ortho-P to the SBAR operated at 20% DO saturation 
level, the PAOs disappeared from the system (no signals recorded from the 
PAO-specific probes), and the stable aerobic granular biomass was dominated 
by the GAOs, which were detected by the GAO-specific probes. 
• Simultaneous hybridizations with the abovementioned probes employed on the 
crushed or thin-sectioned granules collected from the SBAR (20% DO in the 
bulk liquid during aerobic famine phase) revealed a stratified granule 
architecture characterized by spatial distribution of different functional groups 
inhabiting different layers of the granules. The signals originating from the 
probes NSO1225 and NSO190 were detected at the outermost layer of the 
granules, indicating that the nitrifiers targeted with those probes were localized 
at the outermost layer facing the bulk liquid. Intense signals from the PAO-
specific probe mixture detected at a wide layer starting right after the thin 
outermost stratum indicated that majority of the PAOs located themselves at the 
close proximity of their nitrifying neighbors and conveniently close enough to the 
bulk liquid. Signals from the same PAO-specific probe mixture were also 
detected at the outermost layer confirming the presence of heterotrophic PAOs 
together with the nitrifiers at this layer.  
• Considering that the DO level was 20% at the famine phase, corresponding to a 
bulk liquid concentration < 2 mg/L, and that even without considering mass 
transport limitations, oxygen penetration depth was expected to be considerably 
low due to rigorous consumption of oxygen both by the autotrophic nitrifiers and 
by the heterotrophic PAOs, it might be possible to speculate that majority of the 
PAOs located deep inside the granules did not have access to oxygen but to 
nitrate produced at high quantities through complete nitrification (thus 
penetrating into the depths of granules beyond oxygen penetration depth) were 
denitrifying. It is possible to further support this assumption with the data 
provided by de Kreuk et al. (2005a). The oxygen penetration depth calculated by 
the researchers was 190 µm. This theoretical value almost exactly corresponded 
to the thickness of the outermost layer of the granules determined by FISH 
experiments to be inhabited mostly by nitrifiers and partly by some PAOs. 
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Moreover, based on the results of the experiments employed to determine the 
short-term effect of decreased %DO levels on conversion processes, the 
researchers concluded that lower %DO levels led to a lower oxygen penetration 
depth, thus an increased anoxic volume inside the granules, resulting in an 
increased denitrification efficiency, but also causing a slight decrease in EBPR 
efficiency due to fact that P-uptake rate under anoxic conditions (denitrifying 
PAOs) were lower than those under aerobic conditions (heterotrophic PAOs). 
These observations were considered also by the researchers to indicate that 
majority of the PAOs allocated within the depths of the granules were denitrifying 
PAOs, significantly contributing to the observed denitrification efficiencies. 
This study by de Kreuk and her colleagues (de Kreuk and van Loosdrecht 2004; de 
Kreuk et al., 2005a), where microbial community composition of and spatial distribution 
in aerobic granular biomass were determined via molecular techniques, and conversion 
processes related to C-removal, SND, and EBPR were evaluated in details, is 
considered to be significant in terms of correlating, albeit indirectly, the presence and 
abundancy of important microbial groups to observed biochemical performances, since:  
• it shows the importance of stratification in granule architecture for optimization of 
biological carbon-, overall nitrogen-, and phosphorus-removal efficiencies in 
aerobic granular biomass systems, when also taking into account the theoretical 
(calculated) oxygen penetration depths and measured granule sizes, 
• it shows how different microbial functional groups optimize their position in a 
granule with respect to their neighbors and with respect to the availability of the 
growth factors they require to proliferate, 
• it reveals competitive and syntrophic relations between the nitrifiers and the 
PAOs: autotrophic nitrifiers and heterotrophic PAOs were determined to 
compete at the outermost layer for the oxygen, and growth of denitrifying PAOs 
inside the granules were determined to be syntrophically supported by their 
nitrifying neighbors producing nitrate for denitrifying PAOs. 
Finally, the researchers determined the PAOs, both through the observed 
conversion efficiencies and through phylogeny-based observations, as the main 
microbial group responsible for the stability of aerobic granular biomass upholding 
superior settling properties while securing pronounced C-, N-, and P-removal 
efficiencies, thus concluded that the metabolic selection of these slow-growers can 
be used as a strategy to secure maintenance of an aerobic granular biomass stable 
both in terms of granulation and removal efficiencies. 
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2.8.4 Refining the correlation between identity, function, and contribution 
In addition to some other molecular tools, microsensors, which provide high spatial 
resolution to describe the activity of microbial communities present in aggregative 
physiologies like flocks, biofilms, and granules, have recently been introduced as 
powerful tools to gain a more realistic and direct insight for biochemical conversion 
processes taking place in biological WWT systems. When used in combination with 
phylogeny-based methods, such molecular tools help directly relate observed 
conversion processes to microbial community composition. With this regard, the 
comprehensive work conducted by Meyer et al. (2003) was chosen here as an 
example of how to refine the correlation between identity, function, and extent of 
contribution. In their study, Meyer et al. (2003) used FISH technique to describe the 
phylogenetic identity and the spatial distribution of the microorganisms present in an 
aerobic granular biomass and employed two microsensors, one specific for oxygen 
and the other for VFAs, to determine the concentration profiles of these components 
at the vicinity of and within the cultivated granules. The microsensor-targeted 
molecules (oxygen and acetate) were of great significance with regard to the 
metabolic activities of the related microorganisms since these components were 
acting as the terminal e-acceptor (oxygen) and indirectly as the e-donor and C-
source (acetate converted to PHA). Thus, determining the changes in oxygen and 
acetate concentrations inside the granules, where microorganisms experienced 
concentrations in their close proximity different than those present in the bulk liquid 
and at the vicinity of the granules, was required to illustrate a more realistic picture 
of activity of the microbial communities, and mass transport limitations, respectively.  
Meyer et al. (2003) operated a lab-scale SBR with 1.5 hr anaerobic and 2 hr aerobic 
periods, and with other operational conditions as TF of 10 min (anaerobic), TS of 25 
min, TW of 5 min (TC of 4 hr). Acetate was the sole C-source (6.12 C-mmole/L or 
approx. 196 mg COD/L in the reactor), and no phosphate was supplied to the 
system. These operational conditions resulted in metabolic selection of the slowly-
growing GAOs, which are know to have the metabolic advantage of rapidly taking up 
acetate in the absence of oxygen and converting it into PHA with the energy from 
their glycogen pools, then aerobically and slowly respire on their intracellular C-
storage products while regenerating their glycogen pools. The resulting GAO-
enriched biomass had a size distribution in the range of 0.02-1.2 mm in diameter, 
and was a mixture of flocks and dense granules (aggregates with dgra> 0.5 mm). 
These values are considerably lower than those reported in the literature reviewed 
up to this point, this is supposed to be at least due to the operational conditions 
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(very weak hydraulic selection pressure in terms of TS; 25 min) applied by the 
researchers. Concentration profiles of oxygen and acetate within the granules were 
determined with individual experimental set-ups equipped with microsensors. In the 
FISH experiments, cryo-sectioned granules (5 and 20 µm slices) were hybridized 
with the oligonucleotide probes EUBMix-Cy5 (mixture of EUB338, EUB338II, and 
EUB338III) targeting the domain Bacteria, and with GAOQMix-Cy3 (mixture of 
GAOQ431 and GAOQ989) targeting the GAO-clusters (Candidatus Competibacter 
phosphatis) to identify and quantify the GAOs in the samples, and to determine their 
distribution throughout the granules. After documenting the FISH results via CLSM 
application, same samples were stained with Nile blue A, a fluorochrome specific for 
visualization of lipophilic PHA inclusions within the GAO cells. Staining with Nile blue 
A was also employed on the biomass samples colleted at different time points 
during the cyclic operation of the SBR to monitor PHA utilization throughout one 
cycle with subsequent anaerobic-aerobic periods. Results reported and conclusions 
derived by Meyer et al. (2003) can be read as follows: 
• Cyclic-behavior of the biomass cultivated under subsequent anaerobic-aerobic 
conditions illustrated a carbon transformation pattern typical for the GAO-
phenotype. Acetate in the bulk liquid was rapidly exhausted within the first 40 
min of the anaerobic period, during which PHA concentration increased and 
leveled at a maximum value for the rest of anaerobiosis. At the subsequent 
aerobic phase, PHA values continuously decreased down to a value same as 
that recorded prior to supply of acetate to the system. The glycogen-profile 
throughout the cycle was the qualitative mirror image of the PHA-profile. 
• FISH experiments visually showed that the granules consisted of a dense and 
heavily populated thick layer and a central void region inhabited by a few cells. 
The granules were almost entirely composed of GAOs (Competibacter cells) 
detected by the probe mixture GAOQMix. Relative abundancy of the 
Competibacter cells within the bacterial community was as high as 80% (signal 
intensity from the GAOQMix normalized to that from the EUB338Mix). 
Evaluation of the samples, collected from the end of anaerobic and aerobic 
periods, hybridized with EUB338Mix and GAOQMix, and stained with Nile blue 
A, indicated that the only phenotype recycling the intracellular PHA through the 
subsequent anaerobic-aerobic periods were the GAOs. A few filamentous 
organisms with PHA inclusions were also present in the samples, but since they 
were not recycling their PHAs, their presence and PHA inclusions were of no 
significance with regard to the observed PHA metabolism. Although the 
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Competibacter cells were present in high quantities in depths of granules till the 
central void region, they accumulated PHA only at the outermost layer with a 
thickness of less than 100 µm (85 ± 12 µm), indicating that PHA metabolism of 
the GAOs were limited to this layer. 
• Evaluation of the samples, collected at different time points during the aerobic 
period and stained with Nile blue A, showed that upon introduction of oxygen, 
PHA was started to be consumed by the cells at the granule surface, resulting in 
exhaustion of PHA as evident by observation of a thin layer where no signal was 
detected from PHA-staining Nile blue A, and over time this PHA-exhausted layer 
moved towards the granule interior. By the end of the aerobic famine period (2 
hr), most of the PHA was determined to be exhausted. 
• Acetate profiles determined by microsensor-application revealed the followings: (i) 
acetate concentration at the front of the granules was not equal to that in the bulk 
liquid, and it followed a decreasing trend while approaching from bulk liquid to 
granule surface. Degree of this substrate gradient at the vicinity of granules was a 
function of the bulk liquid concentration. The higher the acetate concentration in 
the bulk liquid, the steeper the acetate gradient at the diffusive boundary layer, (ii) 
bulk liquid acetate concentration also influenced the diffusion, presence, and 
consumption of acetate inside the granules. In batch experiments with relatively 
low bulk liquid acetate concentrations, acetate diffusing into the granules was 
rapidly and totally consumed at the first few micrometers (50-100 µm), leaving no 
acetate available to the rest of the granule, whereas when a higher bulk liquid 
acetate concentration was applied, acetate was detected to be present all over the 
granule, but was consumed only at the outermost layer (approx. within 200 µm 
from granule surface), (iii) detection of a constant acetate concentration beyond 
this outer layer through granule center indicated that acetate consumption by 
GAOs was also limited to the outermost layer. 
• Oxygen profiles determined by microsensor-application revealed the followings: 
(i) similar to the case for acetate, oxygen concentration also followed a 
decreasing trend while approaching from bulk liquid to granule surface, resulting 
in a steep gradient at the diffusive boundary layer and a much lower 
concentration at the granule-bulk liquid interface than that in the bulk liquid. DO 
values at granules surface were 10-30% of the bulk liquid oxygen concentration, 
(iii) one important difference was that the diffusive boundary layer visualized for 
oxygen seemed much wider than that illustrated for acetate at the vicinity of 
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granules, (iii) different than the case for acetate, oxygen penetration depth within 
the granules was not influenced by bulk liquid oxygen concentration (kept at a 
constant value), but dictated by duration of aeration (10, 60, or 90 min in batch 
experiments). The longer the aerobic period, the higher the oxygen penetration 
depth towards the granule interior. Nonetheless, no oxygen was detected inside 
the granules beyond 100 µm from the surface even when oxygen was supplied 
for 2 hr, pointing to a 100 µm-thick outer layer where oxygen penetration rate 
was higher than its consumption rate, (iv) exposure of granules to oxygen for an 
extended period of time (18 hr) revealed an oxygen concentration profile with a 
much thinner diffusive boundary layer and with a much smoother gradient at the 
vicinity of granules, resulting in a granule-front oxygen concentration much 
closer to the one in the bulk liquid. Consequently, oxygen was determined to 
further penetrate into the depth of the granules beyond the outer layer where it 
was consumed for metabolic activities. 
• Observation of concentration gradients, albeit at different intensities, both for 
oxygen and acetate at the vicinity of granules, resulting in considerably 
decreased concentrations at granule surface when compared to those measured 
in bulk liquid, was concluded to be due to mass transfer resistance mainly 
caused by the diffusive boundary layer surrounding the granules.  
• Penetration depth of acetate was found to be a function of bulk liquid acetate 
concentration, a moderate mass transport limitation, and acetate uptake rate of 
the GAOs. In addition to being a function of severe mass transport limitations, 
oxygen consumption rate, and extent of the aerobic period, oxygen penetration 
depth was determined to depend also on bulk liquid acetate concentration since 
oxygen was used for consumption of PHA, which was converted during the 
previous anaerobic period from the acetate diffused into the granules.  
• In summary, although the granules were 0.5-1.2 mm in diameter and almost 
totally inhabited by Competibacter cells (except the central void regions), 
metabolic activity of these GAOs was determined to be limited to the outermost 
layer with a thickness of 100 µm, as evident from the results regarding 
accumulation of PHA under anaerobic conditions (staining with Nile blue A), as 
well as from acetate profiles within the granules (microsensor readings) under 
anaerobic conditions, and oxygen profiles within the granules (microsensor 
readings) under aerobic conditions. Since both Competibacter cells (FISH 
experiments) and acetate concentrations (microsensor readings) were detected 
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inside the granules under anaerobic conditions, restriction of metabolic activities 
of these GAOs to the outermost granule layer were explained by insufficient 
availability of oxygen deep inside the granules, due to mass transfer resistance, 
which also dictated distribution of metabolically active GAOs within the granules. 
In accordance with microbial degradation kinetics, soluble readily biodegradable 
substrate consists of relatively small constituents easily transported across cell 
membrane and then metabolized shortly. On the other hand, not only consumption 
of particulate biodegradable parts and soluble slowly biodegradable fractions, but 
also utilization of polymerized intracellular C-storage products (i.e., PHA) take place 
at a much wider time span, since the abovementioned group of externally available 
substrates comprises larger particles and require extracellular breakdown prior to 
their transportation into cells for biodegradation (Wentzel et al., 1999), and the 
intracellular C-storage products require intracellular enzymatic sequestration prior to 
use in cell synthesis and energy regeneration processes. The time span and 
observed conversion processes, together translating into microbial degradation 
kinetics, are of great significance in modeling, design, and optimization of biological 
WWT systems and their extent is frequently evaluated via measurement of soluble 
and particulate wastewater-related components in the bulk liquid and biomass-
related components in the lump-sum biomass samples. At this point, use of 
microsensors together with phylogeny-based methods as carried out by Meyer et al. 
(2003), proved to be an excellent combination to actually visualize the 
biodegradation kinetics (affected by mass transport limitations) within dense aerobic 
granules as unveiled in the temporal movement of the activity zone from granule 
surface towards depths of granules; a unique characteristic speculated to be due to 
slowed-down metabolism of granule-forming microorganisms growing on their 
intracellular C-storage products in the presence of oxygen. In their concluding 
remarks, the researchers emphasized the need to obtain an accurate quantitative 
comparison of substrate uptake rates and temporal movement of the activity zone 
within granules, as well as the need to consider mass transfer resistance in and 
around granules, since the latter influences biodegradation kinetics and thus 
complicates description of kinetic parameters (i.e., maximum substrate uptake rates, 
half-saturation constant, etc.) of granule-forming microorganisms. Application of 
microsensors was suggested by the researchers as a powerful and promising 
technique at the molecular level to distinguish between mass transfer effects and 
biochemical capacity of granular biomass, and thus to produce accurate kinetic 
information for microorganisms growing in aggregative-physiology. 
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3. ENHANCED BIOLOGICAL PHOSPHORUS REMOVAL 
3.1 Introduction 
Increasing eutrophication of natural water bodies due to the increasing quantities of 
wastewaters arising from elevated domestic consumption and industrial production 
in both developed and developing countries, and subsequent introduction of 
nutrients to the ecosystems enforced promulgation of stringent discharge limitations. 
In particular, effluent phosphorus (P) levels have been regulated in most European 
countries and in the USA, to prevent the deteriorating effects, such as excessive 
algal growth and reduction of biological diversity, of this limiting nutrient on the 
quality of receiving water bodies. Within this frame, it has become primarily a must, 
rather than a need, to protect Turkey’s own natural water bodies. Besides, in the 
process of being a candidate for accession to the European Community (EC), 
Turkey has to meet the criteria of the EC about the environmental issues together 
with the other criteria that she has to meet. In fact, environmental issues are 
appointed as one of the first chapters of candidacy negotiation talks between Turkey 
and the EC. Consequently, P-removal from wastewaters has become of interest to 
many municipalities and industries in our country.  
The most commonly used treatment technology has been precipitation of phosphate 
(P) by chemicals such as lime, alum, and iron salts. Main problem associated with 
chemical P-precipitation is the significant operational costs resulting from addition of 
chemicals and production of excessive amounts of waste sludge that needs to be 
treated and disposed. Enhanced Biological Phosphorus Removal (EBPR) has 
received considerable attention as an alternative to chemical P-precipitation, and for 
the last three decades, intensive efforts have been made to characterize the EBPR 
mechanism and to determine the factors that contribute to this phenomenon.  
The need to understand the EBPR phenomenon directed the research focus 
towards determining the organisms and mechanisms responsible for observed 
EBPR performance in anaerobic-aerobic AS systems. In addition to evaluation of 
microbial transformation processes, several in situ and pure culture studies were 
carried out in an attempt to determine composition of the microbial consortia in 
EBPR AS systems, to identify/quantify the principal P-accumulating organisms, and 
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to clarify the extent of their contribution to the observed conversion processes. As a 
result, several organisms were isolated from P-eliminating AS systems and 
evaluated for their ability to store P (phosphorus/phosphate) in excess of metabolic 
requirements for cell synthesis. Among these P-accumulating organisms (PAOs), 
members of the genus Acinetobacter received significant recognition for a long time, 
because of their quantitative dominance, determined via traditional culture-
dependent techniques, in such systems. Therefore, EBPR from wastewaters was 
traditionally attributed mostly to this ubiquitous genus, whose taxonomy and 
phylogeny has been under investigation for several years and has been altered 
significantly during the last decade. The P-metabolism of Acinetobacter species was 
studied intensively and implicated as the basis of some earlier biochemical EBPR 
models (reviewed by Wentzel et al., 1991; Matsuo et al., 1992). However, results 
from pure culture studies of Acinetobacter species did not always correlated well 
with the observed in situ EBPR phenomenon. Researchers were not always able to 
successfully replicate the in situ EBPR phenomenon in pure culture studies, under 
the same conditions (Jenkins and Tandoi, 1991). Hence, based on these 
inconsistencies (van Groenestijn et al., 1988; Wentzel et al., 1988; Streichan et al., 
1990; Kavanaugh and Randall, 1994), some investigators believed that 
Acinetobacter species might not be the only, and not even the principal P-
accumulating organisms in EBPR systems.  
The abovementioned discrepancies prompted researchers to question the adequacy 
of using traditional microbiological methods for quantification and population 
dynamics analyses in such complex environments. Re-interpretation of the results 
from previous culture-dependent studies has revealed that diversity and dynamics of 
EBPR AS microflora have been misinterpreted because of the bias introduced by 
application of such culture-dependent methods. The need for an accurate 
identification and quantification of all microbial populations, together with 
determination of their roles and degree of their contribution provoked development 
of advanced procedures. Within this context, molecular techniques recently 
introduced to the field of environmental science and engineering, have been 
proposed and successfully used to overcome the problems and biases associated 
with application of traditional microbiological techniques. Consequently, results from 
some of the early studies, in which advanced molecular techniques were applied for 
identification and quantification of microorganisms in EBPR systems indicated that 
Acinetobacter species were overrated with respect to their presence in and 
contribution to EBPR systems (Cloete et al., 1985; Cloete and Steyn, 1988a, 1988b; 
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Hiraishi et al. 1989b; Auling et al., 1991; Wagner et al., 1993, 1994a, 1994b; Manz 
et al., 1994; Bond et al., 1995; Amann et al., 1995). Further work in this field has 
concentrated on establishing the microbial diversity of EBPR AS (identification and 
enumeration) and correlating population dynamics to biochemical performance of 
EBPR AS microbial consortia. Accordingly, new potentially promising PAOs, such as 
Rhodocyclus-related organisms (Hesselmann et al., 1999; Zilles et al., 2002), have 
been determined in recent studies making use of advanced molecular techniques in 
evaluation of microbial community structure in EBPR systems. Results from these 
studies have indicated that the PAOs are assembled in a highly specialized 
functional group, but the members of this phenotype are phylogenetically 
widespread.  
In addition to the microbiological and molecular aspects of the EBPR phenomenon, 
biochemical conversion processes involved in EBPR metabolism have also been 
studied intensely. Several studies confirmed the ability of PAOs to consume P 
aerobically in quantities exceeding those required for normal metabolic activity for 
new cell synthesis and to store this species (in the form of cytoplasmic 
polyphosphate (poly-P) granules) to be used as an alternative intracellular energy 
source under stressed growth conditions, mainly in the absence of an external e-
acceptor (anaerobiosis). Studies have been conducted to elucidate the role of 
different components in P-metabolism. Externally available substrates (mainly 
fermentation products and especially acetate) that are consumed as carbon and 
energy sources, phosphate itself as an energy pool for PAOs during anaerobiosis, 
alternating anaerobic-aerobic conditions, and biochemical factors (such as enzymes 
and cations), have been investigated for their participation to the anaerobic release 
and aerobic uptake of phosphate. Results have been translated into different 
biochemical and mathematical models to help explain metabolic and stoichiometric/ 
kinetic aspects of EBPR metabolism. As stated above, early biochemical models 
were based on the P-metabolism of the Acinetobacter species. Then, a conceptual 
EBPR model, ASM2 (Activated Sludge Model No. 2), was proposed by the IAWQ 
Task Group (Henze et al., 1995), in which not the metabolic features of 
Acinetobacter spp. in particular, but the average properties of an EBPR biomass, 
was considered to construct the basis. In order to improve this model, which was a 
simplified one and did not consider unique characteristics of different functional 
groups that could be present in EBPR microflora, Mino et al. (1995) proposed and 
verified three submodels that incorporate glycogen storage and denitrification by 
EBPR microflora. Consequently, ASM2 was extended as ASM2d to cover the 
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biochemical conversions related with denitrification capability of the PAOs (Henze et 
al., 1998). Further modeling efforts and model calibration/verification studies, in 
combination with biochemical conversion processes observed in EBPR systems, 
have unveiled the difficulty to agree on a single biochemical model, despite the 
recently developed or re-evaluated metabolic/biochemical models have shared 
common features. The reason for this difficulty arise from the fact that EBPR 
metabolism is a combination of considerably complex processes with the essential 
parts based on intracellularly stored and recycled substances. Moreover, as stated 
above, the PAOs have been determined to uphold additional biochemical 
capabilities like ability to store glycogen and use this intracellular reserve as an 
alternative energy source in the absence of an external e-acceptor. The latter has 
also been described as survival and proliferation strategy for the GAOs, assigned as 
the functional microbial group competing with the PAOs. Consequently, and with a 
reference to the three submodels proposed by Mino et al. (1995), modeling of EBPR 
systems via the ASM2d model amended by incorporation of relevant modules, have 
been proposed in some current modeling studies (i.e., Yagci et al., 2004).  
Upon presentation of the aerobic granular biomass systems as an emerging and 
promising activated sludge technology in the field of biological WWT, EBPR with 
aerobic granular biomass systems has gained a well deserved attention due to the 
superior features of such systems combining the advantages of maintaining a stable 
compact granular biomass with excellent settling properties, thus with reduced 
reaction times or smaller reactor volumes resulting in reduced costs, while ensuring 
pronounced biological C- and P-removal efficiencies.  
3.2 Modeling Efforts to Describe the EBPR Phenomenon 
The following line of explanation is a summary of basic features of EBPR accepted 
in early biochemical models (reviewed by Wentzel et al., 1991; Matsuo et al., 1992): 
EBPR mechanism is based on the ability of PAOs to consume externally available 
and readily-biodegradable substrates (i.e., short-chain fatty acids, especially 
acetate) and to store reduced organic substances in the form of intracellular C-
storage inclusions (PHAs) in the absence of an external e-acceptor. The free-energy 
required to transport or/and metabolize these substrates is supplied through 
hydrolysis of the high-energy anhydride bonds of ATP. Meanwhile, the P, liberated 
from ATP, is transported to the bulk solution by membrane-mediated carriers. ATP 
is regenerated via the enzyme-mediated transfer of P to AMP and ADP, in which 
intracellular poly-P reserves are used as the initial P source, and the required 
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energy is provided through membrane-mediated events (i.e., proton motive force), 
where the energy originating from cleavage of P from the poly-P pools are used to 
transport ions across cell membrane. Upon introduction of the externally available 
terminal e-acceptor (i.e., aerobiosis), the intracellular reduced carbon reserves 
(PHAs) are used as the carbon and energy sources for growth and energy 
regeneration. Extracellular readily biodegradable substrates can also be used for 
growth, if they are still available in the bulk liquid. While some of the PHAs are 
consumed in cell synthesis, remaining part participates in production of reducing 
agents. These reducing agents donate their electrons to the terminal electron 
acceptor via electron transport system, which is coupled with generation of ATP via 
oxidative phosphorylation. Both the intracellular and the extracellular P serve as the 
P source for ATP synthesis. Excess energy generated during these metabolic 
activities is stored in the form of bond energy between the ortho-P molecules, 
transported from the bulk liquid into the cell interior and polymerized to form the 
intracellular poly-P pools, resulting in regeneration of the poly-P reserves. Uptake of 
the externally present P results in disappearance of ortho-P from the bulk liquid 
which translates into EBPR. 
As stated earlier, the conceptual EBPR model –ASM2- developed and introduced by 
the IAWQ TASK Group, is based on average biomass properties, rather than those 
of certain (Acinetobacter) species, and PAOs are introduced as a separate 
functional microbial group with a P-metabolism based on intracellular inorganic 
(poly-P) and organic (PHAs) components. This model allows simulation of 
processes in EBPR systems, provides theoretical stoichiometric and kinetic 
parameters in a matrix form, and considers conservation of mass (mass balance). 
The TASK Group indicated that ASM2 was initially introduced as a reference, did 
not provide absolute accuracy, and had to be improved to be used as a reliable tool 
in the design and operation of BNR systems. The most severe limitation of ASM2 
was that it did not consider the denitrification capability of PAOs. Thus, the 
researchers suggested to extent ASM2 to include behavior of PAOs under anoxic 
conditions (Henze et al., 1995), which was realized later by incorporation of the 
processes describing the denitrification capability and anoxic poly-P storage ability 
of PAOs to the model and extension of it as ASM2d (Henze et al., 1998). 
Meanwhile, Mino et al. (1995) proposed three submodels to help project the 
metabolic behaviors of different microbial populations constructing the complex 
community structure in EBPR systems, and were not considered in ASM2. Two of 
these submodels were proposed to explain the glycogen storage (GLP-model) and 
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denitrification capability of PAOs (DNP-model), and the last one to describe the 
glycogen accumulation by non-poly-P organisms (GAOs) (GAO-model). The DNP-
model was considered as a reference model requiring further calibration. The GLP-
model for PAOs incorporated glycogen metabolism during which intracellular 
glycogen (XGly) was consumed for anaerobic PHA synthesis. Some fraction of the 
accumulated PHA was considered to be converted back to glycogen under aerobic 
conditions (Mino et al., 1995, and references therein). Acetate and propionate were 
assumed to be the initial external C-sources for intracellular glycogen synthesis. 
Denitrification by PAOs (anoxic growth) was not considered in the GLP-model and 
aerobic growth, glycogen storage, and poly-P accumulation were supposed to be 
three major processes occurring at the same time under aerobic conditions. All three 
aerobic processes required PHA either as carbon or energy source, and survival of 
PAOs in the anaerobic zone was concluded to be dictated by level of PHA-storage, 
priority of the biochemical processes for PAOs, and a very delicate balance of PHA 
distribution among these aerobic processes. The GAO-model was proposed as a 
preliminary attempt to explain behavior of GAOs in EBPR systems. Stoichiometry 
and rate equations of relevant processes were determined for the GAO-model, yet 
kinetic and stoichiometric constants were not provided since very little information 
was available regarding the microbiological characteristics and kinetics of GAOs at 
the time of that study. This model was based on some known properties of GAOs, 
i.e., capability to store glycogen and to use it for anaerobic PHA production. Energy 
and reducing power for this conversion were assumed to be derived from glycolysis 
(Mino et al., 1995, and reference therein). Metabolism of GAOs was considered to 
be similar to that of PAOs with two exceptions: (i) GAOs were reported to consume 
glucose -a fermentable substrate (SF), as well as acetate (SA) -a fermentation 
product (Mino et al., 1995, and reference therein), thus supposed to have two PHA 
storage mechanisms, one on SA and the other on SF; (ii) GAOs were considered to 
anaerobically consume organic substrates without any P-release and aerobically 
accumulate glycogen instead of poly-P. 
Smolders et al. (1995) incorporated bioenergetics (including ATP and NADH2) into 
the UCT-model developed by Wentzel et al. (introduced in 1989; reviewed in 1991), 
related kinetics and stoichiometry of anaerobic/aerobic P-metabolism, and proposed 
a structured metabolic model for EBPR with fewer reactions and conversion factors. 
This metabolic model considered production of biomass, poly-P, and glycogen 
processes to be independent from each other and to have their own kinetics, yet 
being related to the energetics and reducing power limitations. The model also 
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distinguished between active biomass and organic/inorganic storage products, 
excluding PHB, glycogen, and poly-P while defining biomass activities. One important 
limitation was consideration of the biomass to be comprised only from PAOs.  
Intensive research continued to describe the EBPR phenomenon via metabolic, 
biochemical, and mechanistic models. Several researchers have proposed either 
new approaches or modifications to the already present models, have run studies to 
validate, calibrate, and verify the proposed models/modifications devoted to 
describe either the metabolism of GAOs, or that of PAOs including the glycogen-
recycling ability of these organisms, or the biochemical conversion processes taking 
place when PAOs co-exist with GAOs (i.e., Hesselmann et al., 2000; Filipe et al., 
2001; Manga et al., 2001; Zeng et al., 2002; Yagci et al., 2003; Yagci et al., 2004; 
Oehmen et al., 2005).  
As an example, Filipe et al. (2001) proposed a metabolic model to predict the 
anaerobic metabolism of the GAOs, where glycogen was determined to serve both 
as an energy source for the generation of ATP through glycolysis and as a source 
for NADH2 production contributing to the redox potential inside the cells. They stated 
that although some of the NADH2 produced through glycolysis is consumed for PHA 
production, the remaining part produced due to ATP generation (required for the 
transportation of acetate into cell interior and activation of it to acetyl-CoA) has to be 
consumed through another metabolic pathway, in order for the cells to maintain the 
intracellular redox balance. Consequently, the researchers proposed the 
involvement of the “succinate-propionate pathway” in the anaerobic metabolism of 
the GAOs, where some of the pyruvate produced through glycolysis is directed to 
this pathway and converted to propionyl-CoA in expense of NADH2. The produced 
propionyl-CoA is then reduced via NADH2 and incorporated into PHAs. They stated 
that the need to maintain the redox balance between the produced and consumed 
NADH2 dictated the fraction of pyruvate directed towards the “succinate-propionate 
pathway”. The stoichiometry proposed for anaerobic acetate uptake by GAOs was 
determined to be a function of a single parameter (αGAO), representing the amount of 
energy required for acetate transportation. The kinetic model including the rate 
expressions for anaerobic acetate uptake predicted a constant rate at sufficient 
glycogen levels, and a rapid decrease upon exhaustion of the glycogen pools. When 
constructing the metabolic model, Filipe et al. (2001) initially considered that the 
EMP pathway (yielding 3 ATP), rather than ED pathway (yielding 2 ATP), was 
involved in glycolysis (conversion of glycogen to pyruvate while producing ATP and 
NADH2). They verified their initial assumption through the evaluation of the 
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stoichiometry and via application of relevant enzyme assays. Finally, the good 
agreement between model predictions and the experimental results retrieved in the 
study, as well as with the stoichiometry reported in the literature, was considered by 
the researchers to indicate the adequacy of the proposed model to describe the 
anaerobic metabolism of the GAOs.  
Yagci et al. (2003) proposed a metabolic model covering the anaerobic metabolisms 
of both PAOs and GAOs, co-existing and competing for acetate. Similar to Filipe et 
al. (2001), who proposed a metabolic model to predict the anaerobic metabolism of 
GAOs, where glycogen was determined to serve both as an energy source for 
generation of ATP through glycolysis and as a source for NADH2 production 
contributing to the redox potential inside the cells, Yagci et al. (2003) also suggested 
for the GAO-metabolism that a fraction of pyruvate (fSPP) produced during glycolysis 
is directed towards the “succinate-propionate pathway”, converted to propionyl-CoA, 
and then incorporated into PHA, while consuming NADH2 in both steps. Again the 
EMP pathway, rather than the ED pathway, was considered to function during 
glycolysis, producing 3 ATPs. Fraction of pyruvate to be directed to the “succinate-
propionate pathway”, which was described as fSPP by Yagci et al. (2003), was 
considered to be dictated by the energy requirements for acetate uptake and 
activation, the term described as αGAO by Filipe et al. (2001). Thus, overall 
stoichiometry expressed by Yagci et al. (2003) for anaerobic GAO-metabolism was 
determined to be a function of fSPP (or in other words αGAO). However, the 
researchers noted that they adapted the stoichiometry proposed by Zeng et al. 
(2002), who used the same pathways as did Filipe et al. (2001), but modified the 
model resulting in a different stoichiometry.  
For anaerobic acetate uptake, activation, and conversion processes carried out by 
PAOs, Yagci et al. (2003) adapted the suggestion of Mino-model that anaerobic 
degradation of glycogen through glycolysis serves as an intracellular redox 
balancing reaction due to production of NADH2. Furthermore, they also suggested 
that in addition to glycolysis, the PAOs should have another pathway to produce the 
required NADH2 becoming operative when the glycogen pools are exhausted. The 
“glyoxylate-pathway” through which a fraction (fGLX) of acetyl-CoA, originating from 
activation of the transported acetate and from conversion of pyruvate (glycolysis-
product), is converted to succinate while producing NADH2. Resulting succinate is 
then converted, via the methylmalonyl-pathway, to propionyl-CoA with generation of 
ATP, and then incorporated into PHA while consuming NADH2. Similar to the case 
for the GAO-metabolism, overall stoichiometry postulated by Yagci et al. (2003) was 
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determined to be a function of the acetyl-CoA fraction (fGLX) directed towards the 
“glyoxylate-pathway”. The researchers also noted that when glycogen is not limited, 
then the glyoxylate-pathway may not be operative (fGLX=0), resulting in a 
stoichiometry same as that proposed in the Mino-model. Further details can be 
found in Yagci et al. (2003).  
The researchers also tested and verified the proposed combined metabolic model 
via experimental studies. Results revealed the presence of GAOs at a wide range of 
C/P ratios (20, 11.4, 8.9, and 6.7 mg COD/ mg ortho-P), supporting the assumption 
of the biomass being a mixture of the PAO- and the GAO-phenotypes, co-existing 
and competing for anaerobic acetate uptake, and thus influencing the level of EBPR. 
The most striking merit of the combined metabolic model proposed and verified by 
Yagci et al. (2003) is considered here to be the approach of applying a variable 
stoichiometry, rather than a constant one as considered by many researchers, for 
the anaerobic metabolism of PAOs depending on acetate consumption, which is 
connected to PHA production, glycogen consumption, and P-release with the 
stoichiometric coefficients termed fPAO, fGLX, and αPAO.  
When merits and shortcomings of the mechanistic and structured metabolic models 
briefly mentioned in this section are taken into account, it is concluded here that the 
current EBPR models should be amended with regard to the fact that the biomass 
present in EBPR systems does not consist of a single population or uphold average 
properties, but is a complex microbial community with several interacting populations 
(ordinary heterotrophs, ordinary denitrifiers, nitrifiers, heterotrophic and/or denitrifying 
PAOs and GAOs) and components (poly-P, PHA, glycogen, acetate, ammonia, nitrite-
nitrate). Moreover, validity of any conceptual model to predict the in situ EBPR 
phenomenon needs verification through experimental studies.  
3.3 Microbiology of EBPR 
Conventional microbiology constructs the basis for traditional taxonomy, in other 
words phenotypic classification. Traditional taxonomy provides identification and 
nomenclature of organisms based on phenotypic analyses, such as key 
morphological or physiological/ecological traits. These phenotypic properties include 
Gram reaction, nutritional classification, cell-wall chemistry, presence of cell 
inclusions and storage products, capsule chemistry, pigments, nutritional 
requirements, ability to use various carbon-, nitrogen-, and sulfur-sources, carbon 
utilization patterns, fatty acid compositions, fermentation products, enzyme 
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activities, gaseous needs, temperature and pH requirements (or tolerances), 
motility, antibiotic sensitivity, pathogenecity, symbiotic relationships, immunological 
characteristics, and habitats. Combination of phenotypic properties, especially 
carbon utilization patterns, oxidase-reaction, and Gram-reaction, with advanced 
techniques of taxonomic classification such as genetic -interspecies- transformation, 
[G+C] content of DNA, DNA-DNA homology, application of immunofluorescent 
probes, and analyses of quinone or polyamine profiles as organism-specific 
biomarkers, enables molecular taxonomical classification of microorganisms, hence 
providing more insight for delineation of species or environmental isolates within 
known or in hitherto phylogenetic lineages. Moreover, advanced molecular 
techniques like DNA-rRNA hybridization, tRNA consensus fingerprinting, randomly 
amplified polymorphic DNA fingerprinting, RFLP-, TRFLP-, and DGGE-analyses, 
signature analyses, construction and screening of clone libraries, SSU or LSU rDNA 
sequencing, comparative sequence analyses, cluster (OTU) analyses, design and 
application of oligonucleotide probes targeting SSU or LSU rRNA genes (FISH and 
dot-blot hybridization), design and application of probes targeting functional genes, 
FISH/MAR applications, microarrays, etc., not only provide clarification of phylogeny 
of microorganisms, but also enable in situ evaluation of microbial community 
diversity, thus molecular microbial ecology, and population dynamics in combination 
with functional traits, thus molecular microbial ecophysiology, in biological WWT 
systems (Dulekgurgen, 1997).  
However, following points should be evaluated with caution for an accurate 
evaluation of microbiological aspects of the EBPR phenomena: (i) use of advanced 
molecular techniques is proved to be the most accurate and powerful tool to 
enlighten phylogeny of microorganisms involved in EBPR processes, (ii) morphology 
is not always related to phylogenetic origin and thus, does not necessarily indicate 
evolutionary relatedness between morphologically alike or different microorganisms. 
For instance, a group of morphologically indistinguishable organisms may consist of 
several phylogenetically distant bacteria sharing similar phenotypic properties 
despite of the deepness of degree of interrelatedness between them, or a certain 
phylogenetic lineage may consist of many described genospecies as well as several 
unnamed and/or insufficiently described strains and/or environmental isolates, which 
demonstrate widely varying phenotypic properties. (iii) furthermore, microscopic 
analyses cannot discriminate morphologically similar bacteria, and classification via 
some phenotypic as well as chemotaxonomic identification techniques might be 
questionable because of insufficient and/or biased information provided by these 
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methods, (iv) however, the abovementioned facts does not necessitate discarding 
application of conventional microbiological techniques, since phenotypic properties -
usually directly and sometimes indirectly- translate into functional characteristics; the 
latter being of great significance in evaluation of EBPR ecophysiology. Therefore, 
interactions among AS microorganisms and their contribution to biochemical 
conversion processes observed in EBPR systems need to be elucidated by 
combining advanced molecular techniques and characteristic phenotypic properties. 
Finally, from a practical point of view, perhaps, the most appropriate approach to 
evaluate the EBPR microflora in engineered environments is to combine current 
phylogenetic information with phenotypic properties, which permits improvement in 
understanding the ecophysiology of this unique phenomenon (Dulekgurgen, 1997). 
It might be hard or even impossible to clearly correlate microbial diversity and 
composition, contribution of different populations, morphological features, and 
observed system performance without running at least some of the corresponding 
tests in parallel. Chapter 6, Section 6.3 of this current PhD dissertation is dedicated 
to such a study, which was designed as the initial step of the abovementioned 
combined assessment, and conducted to unveil the conventional microscopic and 
morphological properties of microbial populations cultivated in a lab-scale SBR in 
combination with the EBPR performance observed in the system.  
The following part of this section includes a comparative literature survey 
highlighting the basic features of conventional microbiology of the EBPR 
phenomenon, with an emphasis on chemical staining and microscopy-based 
detection of intracellular storage materials recycled between anaerobic- and 
aerobic-phases, thus being at the center of both the PAO- and the GAO-
metabolisms. Review of analytical techniques/instrumental analyses and the studies 
where these methods were applied for detection and quantification of these 
intracellular storage materials in relevance to EBPR mechanism is left out of the 
scope of this current PhD dissertation, yet such reviews are available in Mino et al. 
(1998) and Serafim et al. (2002).  
Ortho-P monomers linked with energy-rich ester bonds form the linear poly-P 
polymer, structured into linear or circular chains, and then construct the intracellular, 
highly anionic, volutin poly-P granules showing metachromatic properties 
(Dulekgurgen, 1997; and references therein; Serafim et al., 2002). Though, poly-P 
granules are not the only form of intracellular P-reserves. Some microorganisms 
contain various forms of intracellular P-reserves and demonstrate a bi-phasic poly-P 
distribution. In these organisms, a major portion is present in the cytoplasm in the 
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form of volutin poly-P granules. A small, yet significant portion is associated with 
outer membrane or found in the periplasm, resulting in a very P-rich cell envelop 
(Streichan et al., 1990; Ohtake et al., 1985). However, it is not clear if these forms 
are involved in EBPR. Thus, presence of poly-P reserves other than those present 
in the cytoplasm (volutin poly-P granules) complicate evaluation, since the amount of 
intracellular poly-P accumulation involved in EBPR may not be equal to that recovered 
in analytical P-measurements (Dulekgurgen, 1997; and references therein). 
Metachromatic and ionic properties of intracellular poly-P inclusions enable their 
detection via staining and visualization with bright-field microscopy. Neisser staining, 
in combination with light- or transmission electron-microscopy (TEM) and element-
specific electron (EELS) microscopy are the most commonly used methods to 
screen cells for poly-P granules. Methylene Blue, being a cationic dye and active 
component of the Neisser stain, has a pronounced affinity for the anionic volutin 
poly-P granules, and upon binding, exerts a metachromatic property; that is its light 
absorbance alters resulting in a color change enabling differentiation of the stain-
bound volutin granules (pink-purple) from the cells (dark blue). Alternatively, when 
dual-staining is carried out where cells are counter-stained with Bismark Brown, 
Neisser positive cells (with poly-P inclusions) appear as dark blue-purple structures on 
a yellowish-brown background. Details of this widely used dual-staining procedure are 
provided in “Materials and Methods” Chapter of this dissertation (Section 4.5).  
Other stains used for intracellular poly-P detection (in combination with bright-field 
microscopy, or electron dispersive micro-analysis of X-rays [EDAX]-microscopy, 
TEM, and EELS-microscopy) include Gohar stain, and Toluidine Blue (Dulekgurgen, 
1997; and references therein; Serafim et al., 2002; and references therein).. DAPI 
(4’,6’-diamidino-2-phenylindole dehydrochloride), which is a DNA-specific fluoro-
chrome and fluoresces blue when attached to DNA (Coleman, 1980; Porter and 
Freig, 1980), but also binds non-specifically to non-DNA cellular materials, is also 
used for in situ detection of poly-P granules with epifluorescent-microscopy, since it 
forms a DAPI-poly-P complex fluorescing bright yellow (Coleman, 1980; and 
reference therein) when applied at high concentrations (i.e., 50 µg DAPI/mL; 
Streichan et al., 1990). DAPI also binds non-specifically to intracellular lipid-like 
inclusions (i.e, PHB), but the resulting DAPI-lipid-like complex fluoresces yellow 
weakly and fades rapidly upon exposure to excitation light source (Streichan et al., 
1990; Serafim et al., 2002), thus interference from presence of PHA granules to 
DAPI-associated detection of poly-P granules can be neglected.  
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PHB, being the most commonly and dominantly detected type of PHAs in EBPR 
systems, are macromolecular aliphatic homo-meric polyesters of optically active D(-
)-3-hyxroxybutyrate units. These osmotically inert, high molecular-weight, and 
reduced C-storage inclusions are usually spherical (diameter of 0.2-0.50 µm, density 
of 1.171-1.260 g/cm3) and enclosed with a non-unit external lipid-protein membrane 
at which PHB-synthase and PHB-depolymerase activities take place (Anderson and 
Dawes, 1990; Lafferty et al., 1988). Termination of PHB production despite of active 
polymer-synthase and presence of suitable substrate suggests that physical 
constraints (like capacity of a cell to store maximum amount of intracellular inclusion 
bodies within its physical limits) are also effective on the amount of stored PHB.  
PHA granules share some of the properties of lipids. Due to significant 
hydrophobicity and lipid-like composition of the granules, they can easily be stained 
with lipophilic dyes like Sudan Black (B), which is more soluble in lipid material than 
in staining solution, thus diffusing into the lipid-like structures. Staining-results are 
visualized with bright-field microscopy as dark blue-black cells, even after repeated 
ethanol washes, on a pink background of cells if counterstained with Safranin O. A 
more specific and sensitive visualization is provided by staining with Nile Blue A, 
which is a water-soluble dye and has significant affinity and specificity for PHAs, but 
not for glycogen or poly-P granules. Upon interaction with PHAs, Nile Blue is 
oxidized to a form also known as Nile Pink or Nile Red, which is soluble in neutral 
lipids (like PHAs) being liquidified at the staining temperature (55oC) (Serafim et al., 
2002). Stained PHA inclusions can be visualized with fluorescence-microscopy, as 
yellow or bright-orange granules when excited at wavelengths of 460 nm or 546 nm, 
respectively (Anderson and Dawes, 1990; Rees et al., 1992; Serafim et al., 2002). 
Moreover, since fluorescence intensity is quantifiable, and is directly correlated with 
the amount of intracellular PHA inclusions, variations in PHAs during subsequent 
anaerobic/aerobic periods might be quantified via epifluorescent-microscopy, with 
the condition that experimental consistency is secured via, i.e. applying a constant 
excitation light intensity and same exposure time for all investigated samples.  
When it is desired to visualize both poly-P and PHA granules at the same time and 
in the same cells, which might occasionally be the case for samples collected from 
EBPR systems, it might be a problem to apply Sudan Black (which stains PHB 
inclusions) and Methylene Blue (which stains poly-P granules) to the same sample, 
because both dyes produce dark-staining granules, making it difficult to differentiate 
PHB and poly-P granules as separate entities. To overcome this difficulty, a double-
staining procedure proposed by Rees et al. (1992) can be used in which Neisser’s 
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methylene blue is applied to stain poly-P granules, which can be observed as dark 
granules by bright-field microscopy, and Nile Blue A, can be used to stain PHB 
inclusions, which can be detected with fluorescence-microscopy. However, some 
unsatisfactory results have been reported for this dual-staining method (Serafim et 
al., 2002; and references therein). Alternatively, another dual-staining technique, by 
which poly-P granules become epifluorescently detectable after staining with DAPI 
and PHA inclusions are stained with Sudan Black and visualized with bright-field 
microscopy, can be applied (Liu et al., 2001; Tsai and Liu, 2001).  
A direct link, albeit qualitative, between phylogeny of the microorganisms present in 
EBPR systems and their phenotypic –hence metabolic- characteristics, can be 
constructed when chemical staining and microscopy-based detection of intracellular 
poly-P and PHA granules is combined with application of FISH probes.. For 
example, combination of FISH with DAPI-poly-P staining (Kawaharasaki et al., 
1999) or with Methylene Blue-staining (Crocetti et al., 2000) enables detection of 
poly-P granules in phylogenetically identified PAOs. This can further be extended to 
cover detection of PHA inclusions in the very same PAO-cells, or in cells 
phylogenetically addressed as GAOs, via introduction of a final PHA-staining step 
(with Sudan Black) (Liu et al., 2001; Tsai and Liu, 2001). Details of these procedures 
can be found in the references cited here. Some of the studies, where poly-P and 
PHA granules were detected via these procedures, were reviewed by Mino et al. 
(1998), Serafim et al. (2002), and Levantesi et al. (2002).  
Morphological and phenotypic characterization of organisms present in EBPR 
systems has been an intensely explored research field, giving rise to the highly 
accumulated data. Information on microbiological and biochemical aspects of EBPR 
accumulated from previous studies is conveniently summarized by Mino et al. in 
their frequently referred review paper (Mino et al., 1998). Accepted morphological 
and phenotypic characteristics of PAOs summarized by AMino et al. (1998) are listed 
in Table 3.1. The table was amended to include properties of PAOs experimentally 
determined by BCrocetti et al. (2000), and those of GAOs experimentally revealed by 
CTsai and Liu (2001), BCrocetti et al. (2002), and DLevantesi et al. (2002). 
Observations reported by EDulekgurgen et al. (2003b) were also included. 
Crocetti and his colleagues applied chemical staining for visualization of intracellular 
storage polymers in biomass samples collected from three lab-scale SBRs with 
100%, 76%, and 47% EBPR efficiencies (Crocetti et al., 2000), and also from three 
lab-scale SBRs during periods of transient, deteriorated, or no-EBPR performances,  
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but with successful anaerobic PHA storage and aerobic PHA consumption (Crocetti 
et al., 2002). The biomass cultivated in the first group of reactors were determined to 
perform both C- and P-transformation processes typical for EBPR systems, thus 
exhibiting a PAO-phenotype, and those in the second group of SBRs were 
determined to perform only the anaerobic/aerobic C-conversions, thus exhibiting a 
GAO-phenotype. Either Methylene blue or Neisser stain was applied for poly-P 
detection. Sudan Black B was used to stain PHB inclusions. Staining with Nile blue 
A and visualization via epifluorescence-microscopy were also carried out for 
visualization of PHAs. In addition to the chemical staining, FISH experiments were 
conducted to phylogenetically identify the microbial groups cultivated in all SBRs. 
The researchers recorded the dominance of Gram(-) and poly-P(+) coccobacilli 
organized in large regular clusters in the EBPR biomass samples collected by the 
end of the aerobic period. These organisms, exhibiting PAO-phenotype, were 
confirmed, via FISH analyses, as members of the phylogenetically classified PAO-
clusters. Occasional presence of Gram(-) and poly-P(-) cells, organized in tetrads 
(TFOs; tetrad-forming organisms) and did not hybridize with the PAO-specific 
probes, were also recorded (Crocetti et al., 2000).  
Biomass sample colleted from one of the reactors (deteriorated EBPR) was 
dominated with large clusters of Gram(-) and bigger coccobacilli, which were poly-
P(-) and PHA(-) by the end of the aerobic period, and determined via FISH analyses 
to belong to the phylogenetically classified GAO-clusters. Gram(+) cells and Gram(-) 
cells were observed in high proportions in the sample from the SBR sampled at the 
transient state (transforming from a successful-EBPR to a non-EBPR state), and 
Gram(-) cells were either TFOs or clusters of coccobacilli, all being poly-P(-) and 
PHA(-) by the end of the aerobic period (see also Table 3.1). FISH experiments with 
GAO-specific probes confirmed presence of these organisms in the sample. 
Clustered coccoid cells being dominant in the non-EBPR biomass were strongly 
PHA(+) by the end of the anaerobic period and were identified as members of the 
phylogenetically determined GAO-clusters.  
The results reported by Levantesi et al. (2002) were similar to those from Crocetti et 
al. (2000 and 2002), with one exception that TFOs observed by Levantesi et al. 
(2002) were determined to have the ability of occasional anaerobic PHA storage and 
aerobic PHA consumption without any involvement of poly-P cycling (see also Table 
3.1). The study conducted by the latter group had the focus of evaluating the long-
term characteristics of the biomass cultivated in a lab-scale EBPR system. The 
biomass, exhibiting the PAO-phenotype (production of PHA, consumption of poly-P 
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and glycogen at the anaerobic period followed by degradation of PHA, production of 
poly-P and glycogen at the aerobic period), was dominated by large clusters of 
coccobacilli, which were determined phylogenetically as PAOs and consisted 53% 
of the total bacterial community. Clusters of large coccobacilli, phylogenetically 
identified as GAOs, comprised 13% of the overall bacterial community, and 
contribution of TFOs, identified as members of the α-subclass of Proteobacteria, to 
the overall community was 25% (Levantesi et al., 2002). Observations reported by 
the researchers are considered here as providing microbiological and molecular 
data confirming the co-existence of PAOs and GAOs (as well as some other 
morphotypes) in a biomass with good EBPR efficiency.  
Tsai and Liu (2001) operated two lab-scale SBRs with the intention of EBPR. Both 
reactors were fed with glucose as the main C-source at a P:C ratio of 2:100 in one 
SBR and 6:100 in the other. However, the researchers reported that they were not 
able to attain any EBPR in either system. Microbial populations were phylogenetically 
identified and quantified via application of relevant FISH probes, and morphologically 
and phenotypically characterized with respect to presence of intracellular storage 
products. Chemical staining with Sudan Black B for detection of PHA inclusions, and 
DAPI for visualization of poly-P granules were carried out concomitant with FISH 
experiments. Biomass in both systems were dominated by TFOs consisting 50% of 
the total bacterial community and determined to be affiliated with the β- and γ-
subclasses of Proteobacteria, as well as to the High G+C phylum of Gram(+) 
bacteria. TFOs affiliated with the β-subclass of Proteobacteria (low P:C system) were 
poly-P(-) but PHA(+), whereas those related to the γ-subclass (low P:C system) and 
some related to the High G+C phylum (both reactors) were poly-P(-) and PHA(-). 
Interestingly some TFOs affiliated with the High G+C phylum (both reactors) were 
reported to be poly-P(+) but PHA(-) (Tsai and Liu, 2001; see also Table 3.1). 
Results reported by Dulekgurgen et al. (2003b) were harvested from a long-term 
EBPR study, which constructs the second part of this current PhD dissertation and 
evaluated in details with respect to the observed conventional morphological and 
phenotypic traits, in Chapter 6, Subsection 6.3. However, two points need to be 
mentioned here: First, observations of Dulekgurgen et al. (2003b) were similar to 
those reported in the abovementioned studies (Table 3.1), though they reported that 
the coccoid clusters and not all but most of the TFOs they detected in their system 
were PHA(-) at all times, but gave strong responses to Neisser reaction, which was 
similar to the last case reported by Tsai and Liu (2001). However, Dulekgurgen et al. 
(2003b) differentiated the Neisser-response of the coccoid clusters and majority of 
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the TFOs from that of the PAO-phenotype, as the former groups were reported to be 
strongly Neisser(+) only on their cell walls resulting in dark stain-positive envelopes 
surrounding the cells, but with relatively lighter intracellular areas, indicating the 
absence of poly-P granules involved in EBPR (see Chapter 6 for further details). 
Second, very limited information regarding the macro-structure of the biomass was 
provided in the studies reviewed above. More specifically, no observation was 
reported with regard to detection of any kind of granular biomass in the investigated 
or reviewed systems. In fact, Levantesi et al. (2002) for instance, reported their 
observations as being characteristics of the flock-formers in their systems. On the 
contrary, Dulekgurgen and her colleagues reported moderate to complete and 
stable EBPR efficiencies (varied due to changes in influent C:P ratios) with the 
aerobic granular biomass cultivated in with acetate as the sole C-source. The work 
published previously and partly (Dulekgurgen et al., 2003a and b) and described 
fully in this current PhD dissertation is considered to be one, if not the first, of the 
earliest ones, providing the morphological and phenotypic characteristics of different 
microbial populations detected in an aerobic granular EBPR biomass system. 
3.4 Phylogeny and Molecular Eco-physiology of Populations in EBPR Systems 
Use and power of culture-independent molecular techniques, as non-invasive tools 
for in situ evaluation of population diversity and dynamics in activated sludge 
systems, have already been stated at the beginning of Section 3.3. Application of 
these techniques in the field of environmental science and engineering has provided 
a new and broader insight about microbial community composition, as well as about 
interactions between different populations in activated sludge systems. Moreover, 
correlating the former to the prevailing biochemical conversions has started to 
meaningfully fill the gap between science and engineering, particularly in the field of 
biological WWT.  
Being one of the complicated combination of biological transformation processes 
taking place in activated sludge systems, due to involvement of conversions with 
essential parts depending on intracellularly stored and recycled substances where 
microorganisms other than PAOs may also interfere, EBPR phenomenon has 
attracted a well-deserved research attention, and now for more than two decades, 
information on phylogeny and eco-physiology of microbial populations detected in 
EBPR systems have already accumulated at a considerable level. A mini-review, 
from selected studies on phylogeny and eco-physiology of microorganisms detected 
in EBPR systems, is provided at the following part of this section.  
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As stated previously, EBPR observed in biological wastewater treatment systems 
was initially attributed to the members of the ubiquitous Acinetobacter genera, due 
to their quantitative dominance, determined via traditional culture-dependent 
techniques, in such systems. However, significant contradictions between the 
results of pure culture studies with Acinetobacter species and in situ observed 
EBPR phenomena were considered to be the first indications that Acinetobacter 
species may not be the principal PAOs in EBPR activated sludge systems (van 
Groenestijn et al., 1988; Wentzel et al., 1988; Streichan et al., 1990; Jenkins and 
Tandoi, 1991; Kavanaugh and Randall, 1994). Results of the initial studies with 
advanced microbiological and molecular techniques, like probing with fluorescent 
antibodies (FA) specific for Acinetobacter spp. (Cloete et al., 1985), combination of 
FA technique, membrane filtration, agar plating, and commercial identification (API 
20E) systems (Cloete and Steyn, 1988a, 1988b), use of bacterial quinone profiles 
with Q-9 as a chemotaxonomic descriptor for the genus Acinetobacter (Hiraishi et al. 
1989b), analyses of polyamine profiles with diaminopropane (DAP) as a specific 
biomarker for the genus Acinetobacter in combination with commercial 
chemotaxonomic identification systems, and light/electron-microscopy (Auling et al., 
1991) or with analyses of fatty acid profiles and soluble protein patterns (Kämpfer et 
al. 1992), for detection, identification and enumeration of microbial populations in 
EBPR systems, and/or for correlating the observed EBPR efficiencies to the 
presence and quantity of Acinetobacter spp. in these systems, provided further 
evidence that in situ EBPR phenomena in activated sludge systems cannot be 
attributed solely to the presence and function of Acinetobacter spp., and 
microorganisms other than members of this genus should be present and exhibiting 
the PAO-phenotype accounting for the observed overall EBPR efficiencies.  
Design and application of labeled oligonucleotide probes complimentary to the LSU 
or SSU rDNA regions with different levels of conservation, enabled in situ and/or 
culture-independent thus unbiased evaluation of bacterial community compositions 
in biological WWT systems. In one of these pioneering studies, Manz et al. (1992) 
emphasized the advantage of using sets of nested oligonucleotide probes that are 
specific for different regions of rRNA genes and cover several taxa ranging from 
higher (domain, class, subclass) to lower levels (genus, species, strains). 
Accordingly, the researchers determined target sites specific for the α-, β-, and γ-
subclasses of the Proteobacteria, then designed and tested group-specific 
oligonucleotide probes complimentary to the corresponding signature sites for 
differentiation of these three major Proteobacterial subclasses. The probes tested 
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via whole cell and dot-blot hybridization experiments were L-Sc-aProt-2043-a-A-17 
and S-Sc-aProt-0019-a-A-17 (the latter also known as ALF1b) both specific for the 
α-subclass, L-Sc-bProt-1027-a-A-17 (also known as BET42a) targeting the β-
subclass, and L-Sc-gProt-1027-a-A-17 (also known as GAM42a) designed for the γ-
subclass of the Proteobacteria. A specificity study was carried out with 24 species 
from the α-, β-, and γ-subclasses of the Proteobacteria together with eight species 
from other bacteria, using dot-blot hybridizations. A bacterial probe (S-D-Bact-0338-
a-A-18) was used as a positive control for bound bacterial rRNA. 
The researchers extended their probe collection via designing and testing probes 
specific for the Gram-positive bacteria with high [G+C] content of DNA (probe L-*-
GPHGC-1901-a-A-18) and a probe specific for the Cytophaga-Flavobacterium 
subgroup of the phylum Cytophaga-Flavobacterium-Bacteroides (probe S-*-CF-
0319-a-A-18). They applied these probes together with the group-specific ones 
targeting the α-, β-, and γ-subclasses of Proteobacteria, to the biomass samples 
collected from a municipal and a dairy wastewater treatment plant (Manz et al, 
1994), and also ran dot-blot hybridization experiments with the same probes on the 
total nucleic acids extracted from isolates obtained after cultivation of biomass 
samples with selective nutrient-rich medium. The in situ cell counts with group-
specific probes indicated that the microbial community of the municipal wastewater 
treatment plant was dominated by β-subclass Proteobacteria (59.5%, normalized to 
bacterial counts). Signals from L-Sc-gProt-1027-a-A-17 and S-*-CF-0319-a-A-18 
probes were about the same (24.1% and 22.8%, respectively), whereas Gram-
positive bacteria with high DNA [G+C] content were present at lower levels (8.8%). 
However, population diversity of this sludge showed a dramatic change after 
cultivation: 46% of the isolates hybridized to the probe L-Sc-gProt-1027-a-A-17. A 
comparison of the hybridization results before (in situ) and after cultivation 
(enrichment-media-dependent) revealed the possible overestimation of role of the γ-
subclass Proteobacteria (where Acinetobacter spp. are delineated in), because of 
the bias introduced by culture-dependent enrichment method (Manz et al, 1994).  
Meanwhile, Wagner et al. (1993) also used the probes S-Sc-aProt-0019-a-A-17, L-
Sc-bProt-1027-a-A-17, and L-Sc-gProt-1027-a-A-17 to describe diversity and 
dynamics of microbial consortia and to study Proteobacterial abundance in two 
aeration basins of a municipal WWTP. Culture-dependent methods, like selective 
cultivation with nutrient-rich medium and plate counts, were also applied in parallel 
to FISH experiments. Results of the FISH experiments revealed that Proteobacteria 
formed 60-75% of the total microbial community, which was visualized by DNA-
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specific DAPI staining. In both basins, the β-subclass of Proteobacteria were 
determined to contribute to the overall bacterial community at high levels (42-37% of 
the signals normalized to those from S-D-Bact-0338-a-A-18 probe, specific for the 
domain Bacteria). Members of the γ- and α-subclasses constituted 34% and 10% of 
overall bacterial community in the aeration basin with high F/M ratio. In the other 
one with low F/M ratio, the abundance of the α-subclass of Proteobacteria was 
again high (37%), but members of the γ-subclass were in insignificant levels.  
The other equally critical finding of their study came out when Wagner et al. (1993) 
compared the results of the in situ experiments with those from the culture-
dependent techniques. They found a major difference between the microbial 
diversity established by in situ hybridization of biomass samples and the community 
composition determined by the characterization of colonies cultivated on nutrient-
rich agar medium. On this selective culture medium, γ-subclass Proteobacteria 
(where Acinetobacter spp. are delineated in) dominated over α- and β-subclasses. 
In addition, a significant population shift was observed over time in samples 
suspended in nutrient-rich liquid medium: initially the β-subclass Proteobacteria 
(packed clusters) were dominant, whereas after some time the γ-subclass 
Proteobacteria (cell suspensions) became more prevalent (Wagner et al. 1993), 
which indicated the possible overestimation of abundance and contribution of the γ-
subclass Proteobacteria . Results of studies conducted by Wagner et al. (1993) and 
Manz et al. (1994) confirmed the inadequacy of culture-dependent studies in 
evaluating the population diversity and dynamics in activated sludge systems.  
Considering the possible overestimation of the γ-subclass Proteobacteria in 
activated sludge microflora due to culture-dependent techniques and questioning 
the importance of Acinetobacter spp. (members of the γ-subclass Proteobacteria) in 
EBPR systems, Wagner et al. (1994) focused on EBPR systems. They designed 
and tested a SSU rRNA-targeted oligonucleotide probe, specific for the genus 
Acinetobacter (probe S-G-Acin-0652-a-A-18, also known as ACA23a), and applied 
this probe together with the abovementioned five probes (S-Sc-aProt-0019-a-A-17, 
L-Sc-bProt-1027-a-A-17, L-Sc-gProt-1027-a-A-17, L-*-GPHGC-1901-a-A-18, and S-
*-CF-0319-a-A-18) targeting higher taxa, and the one specific for the domain 
Bacteria (S-D-Bact-0338-a-A-18, also known as EUB338). They applied FISH to 
monitor population shifts due to anaerobic stress, addition of chemicals for P-
precipitation, and addition of acetic acid to the return sludge to enhance P-uptake 
during anaerobiosis. In the anaerobic zone of an EBPR WWTP (Hirblingen plant), 
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the β-subclass Proteobacteria and the Gram-positive bacteria with high DNA [G+C] 
content (both 24%) outcompeted the α- and γ-subclasses (11% and 5%, 
respectively) and the Cytophaga-Flavobacterium clusters (9%). Simultaneous 
hybridization with the S-G-Acin-0652-a-A-18 probe showed that more than half of 
the γ-subclass Proteobacteria consisted of Acinetobacter spp., though their 
contribution to the overall bacterial community of the EBPR biomass was only 3%.  
When a double-staining procedure, with Nile blue A and Neisser’s methylene blue, 
was applied to sludge samples from the Hirblingen plant to distinguish poly-P 
granules from PHB inclusions, it was found that the Gram-positive bacteria 
hybridized with the L-*-GPHGC-1901-a-A-18 probe had poly-P granules, whereas 
the Gram-negative bacteria hybridized with the L-Sc-bProt-1027-a-A-17 probe 
contained considerable amounts of PHB inclusions but no poly-P. The staining 
procedure also confirmed accumulation of large amounts of poly-P granules in 
Microthrix parvicella-like filamentous bacteria which exhibited intense signals when 
hybridized with the L-*-GPHGC-1901-a-A-18 probe, thus were likely to be affiliated 
with the Gram-positive bacteria with high DNA [G+C] content. In situ hybridizations 
of AS samples taken from the aeration basins of two municipal wastewater 
treatment plants that removed P by chemical precipitation resulted in considerably 
lower counts with the L-*-GPHGC-1901-a-A-18 probe (<10%), but similar levels of 
signals from the S-G-Acin-0652-a-A-18 probe (3-2%), when compared to the results 
from the Hirblingen EBPR plant.  
Based on their observations, Wagner et al. (1994) suggested that number and role 
of Acinetobacter species in EBPR AS systems had been overestimated because of 
culture-dependent methods. They also concluded that further studies on EBPR 
systems should include application of advanced molecular techniques for evaluation 
of diversity and dynamics of microbial consortia and their contribution to EBPR. 
Another equally important study on resolving the EBPR microflora, came from Bond 
et al. (1995), who employed an alternative culture-independent molecular approach 
of cloning and sequencing SSU rDNAs from environmental samples collected from 
two lab-scale SBRs; one with (SBR1) and the other without EBPR (SBR2). Total 
genomic DNAs were extracted from the biomass samples from both reactors, 
extracts were purified, SSU rDNAs were amplified via PCR, cloned into competent 
cells, and plasmid inserts were sequenced after extraction. Partial sequences were 
aligned against reference sequences available in the data-banks at the time of the 
study. After selection of a single representative from clones with 98% or higher 
partial sequence similarity, SSU rDNA clone libraries were established for each 
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SBR. Bootstrap values and evolutionary tree topology were used to construct 
phylogenic relationships among and between the partial sequences of the 
environmental isolates and the reference sequences. Approximately 70% of the 
clones were assigned to the domain Bacteria, most of which were Proteobacteria 
and in particular the β-subclass Proteobacteria (~47% and ~29% of the total number 
of clones from both reactors, respectively). Distribution of the phylogenetic groups 
constituting the majority of the clone libraries were similar in both SBRs (α- and β-
subclasses of Proteobacteria and Planctomycetes), except that percent of 
Flexibacter-Cytophaga-Bacteroides clones in SBR2 was more than two times of that 
of SBR1. Level of other identified clones was ≤ 1.1% in both SBRs and unclassified 
clones were also in low levels.  
Comparison at a lower taxonomic level was based on subgrouping the clones 
according to tree topology since bootstraps values were often lower within major 
phyla. Results were summarized as follows: Levels of the Rhodocyclus group of the 
β-subclass Proteobacteria and Planctomycen and Gemmata groups of the 
Planctomycetes subdivision were higher in SBR1 (with EBPR) than those in SBR2 
(without EBPR), and vice versa for the subdivisions within the Flexibacter-
Cytophaga-Bacteroides group. On the other hand, the Rubrivivax group of the β-
subclass Proteobacteria and α-2 and α-4 groups of the α-subclass Proteobacteria 
were present in both SBRs at similar levels. Even distribution of the γ-subclass 
Proteobacterial clones (5%), especially the Acinetobacter group (2%), and variations 
in levels of other bacteria in both reactors suggested that the EBPR observed in 
SBR1 (~92% P-removal) was not due to presence of Acinetobacter spp., but rather 
due to presence and function of other microorganisms with PAO-phenotype. 
High percentages of β-subclass Proteobacterial clones in both SBRs were 
consistent with the results of abovementioned FISH studies which demonstrated 
that AS samples were dominated by members of this subclass (Wagner et al., 1993, 
1994; Manz et al., 1994). Bond et al. (1995) concluded that these results confirmed 
the significant contribution of the β-subclass Proteobacteria to processes observed 
in biological WWTP (i.e., substrate degradation, nutrient removal, flock formation).  
Comparison of the β-subclass Proteobacterial clones (from both SBRs) at a lower 
taxonomic level was particularly interesting to help determine the relationship 
between P-elimination and presence of specific organisms. The Rhodocyclus group 
(in β-subclass of Proteobacteria) seemed to have a specific role in EBPR, since 
87% of the Rhodocyclus species were observed in only SBR1 (with EBPR), 
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whereas 73% of members of the Rubrivivax group from the same subclass were 
common to both reactors. Finally, Bond et al. (1995) suggested that further studies, 
including evaluation of the P-metabolism of members of the Rhodocyclus group, 
should be carried out to resolve microbiological and biochemical aspects of the 
EBPR phenomena. 
After the two pioneering studies conducted by Wagner et al. (1994) and Bond et al. 
(1995), in which the Acinetobacter spp. were confirmed to be overrated with respect 
to their presence in and contribution to EBPR systems, and microbial populations 
involved in in situ EBPR processes were characterized at a higher taxonomic level, 
with an emphasize on pronounced contribution from the β-subclass Proteobacteria, 
especially the Rhodocyclus group, research has accelerated towards determining 
the microorganisms responsible for the observed EBPR efficiencies.  
Hesselmann et al. (1999) investigated the community structure in two lab-scale 
SBRs with three years of EBPR performance. Probing the biomass samples with the 
abovementioned oligonucleotide probes targeting the higher taxa revealed the most 
dominant bacterial group in both systems, as well as in a municipal WWTP, was the 
β-subclass of Proteobacteria (89% in acetate-fed SBR, 34% in complex medium fed 
SBR, 24% in municipal WWTP). Abundance of the α- and γ-subclass were much 
lower (both less than 10%) in the SBRs. Signals from the Acinetobacter-specific 
probe (ACA23a) was insignificant for the first SBR, was only 5% in for second one, 
and was 8% for the municipal WWTP. The researchers also constructed clone 
libraries for the biomass samples from the reactors and ran cluster analyses to 
affiliate the dominant clusters in the EBPR biomass to known phylogenetic lineages. 
They also designed, tested and used six probes; two targeting Rhodocyclus clusters 
in general (probes S-G-Rhc-0175-a-A-18 and S-G-Rhc-0439-a-A-18, also known as 
RHC175 and RHC439, respectively), and four specific for the two Rhodocyclus-like 
clones (R1 and R6) retrieved from the clone libraries of the SBRs. FISH experiments 
showed that the acetate-fed reactor was dominated by bacteria phylogenetically 
related to the Rhodocyclus-group (81% of DAPI counts). These organisms were 
also predominant (23% of DAPI counts) in the other lab-scale SBR fed with complex 
medium. Based on type-specific in situ hybridizations and direct SSU rDNA-
sequencing analyses, Hesselmann et al. (1999) concluded that microorganisms 
represented by the R6 clone, and phylogenetically affiliated to the Rhodocyclus-
group, were the dominant ones in their EBPR systems. Phenotypic analyses 
(anaerobic-aerobic cycling of poly-P and PHA inclusions) in combination with FISH 
experiments with the probe designed for R6-clone confirmed that these organisms 
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exhibited the PAO-phenotype. On the other hand, chemotaxonomic analyses, like 
phototropic growth tests required for classification of relevant bacterium as a 
Rhodocyclus species, failed for the biomass samples from acetate-fed reactor 
dominated with the R6-type organisms. The researchers concluded that although 
the R6-type organisms were phylogenetically affiliated closely to the genus 
Rhodocyclus within the β-subclass of Proteobacteria, it was not appropriate to 
classify them as members of this genus since they failed to grow phototropically, 
hence proposed a new temporary genus “Candidatus Accumulibacter phosphatis” to 
phylogenetically describe the R6-type organisms confirmed to dominate the EBPR 
systems and to exhibit PAO-phenotype (Hesselmann et al, 1999). 
Almost at the same time with Hesselmann et al. (1999), Crocetti et al. (2000) 
conducted a very similar study to evaluate the community structure of EBPR 
biomass and to phylogenetically identify the dominant microorganisms with the 
PAO-phenotype in EBPR systems. From FISH experiments with probes targeting 
higher taxa, they obtained results very similar to those from Hesselmann et al. 
(1999). Biomass samples from the lab-scale SBR with complete EBPR efficiency 
were determined to be dominated by the β-subclass of Proteobacteria (more than 
80%), especially belonging to the β-2 lineage. Second predominant group was the 
Actinobacteria. The researchers prepared clone libraries of PCR amplified bacterial 
SSU rDNAs from biomass samples collected from EBPR systems with high 
performance, sequenced the clones belonging to the β-2 Proteobacterial lineage, 
and constructed a phylogenetic tree, also including clone sequences from other 
systems with different EBPR efficiencies, to describe phylogenetic relatedness and 
distances between the retrieved clones and to determine their position among 
known phylum. These evaluations resulted in affiliation of a distinctive cluster, 
having 98% intrarelated similarity, with the Rhodocyclus spp. (94-97% sequence 
similarity), and with the Propionibacter pelophilus (95-96% sequence similarity), both 
being within the Rhodocyclus-group in the β-2 Proteobacterial lineage. Hence, the 
researchers suggested the organisms in this cluster as the most probable 
candidates of the PAOs involved in in situ EBPR phenomena. Crocetti et al. (2000) 
designed, tested, and used three probes specific for the microorganisms in this 
distinctive cluster (probes known as PAO462, PAO651, and PAO846), and another 
one targeting the Rhodocyclus-group in general (probe known as RC988). 
Concomitant with the FISH experiments, chemical-staining for visualization of poly-P 
and PHA inclusions was also employed. Results of this study with respect to 
confirmation of the PAO-phenotype were reviewed previously in the previous section 
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(3.3). Application of the PAO-specific probes and the β-2 Proteobacterial probe (also 
known as BTWO23a) to the samples from the lab-scale EBPR SBR, indicated that 
the cells morphologically and phenotypically determined as PAOs also hybridized 
with the applied probes. Moreover, Crocetti et al. (2000) applied the PAO-specific 
probes to biomass samples collected from various systems with different EBPR 
efficiencies, and found a direct correlation between the amount of PAO-specific 
probe-binding cells and total-P content of the biomass, thus concluded that the 
higher the EBPR efficiency, the more the amount of cells hybridized with the PAO-
specific probes. Overall conclusions derived by Crocetti et al. (2000) from these 
analyses were that an important group of bacteria, confirmed to exhibit PAO-
phenotype, is phylogenetically and closely affiliated with the Rhodocyclus spp. and 
P. pelophilus , and that these organisms might be the dominant PAOs involved in in 
situ EBPR processes (Crocetti et al. 2000).  
Similar to their work on EBPR microbial community and PAO phylogeny (Crocetti et 
al., 2000), Crocetti et al. (2002) conducted a study to phenotypicaly and 
phylogenetically identify the microorganisms dominating deteriorated- and non-
EBPR systems with subsequent anaerobic-aerobic phases. The phylogeny-based 
analyses indicated that clone-library of the biomass with non-EBPR performance but 
with the GAO-phenotypic traits consisted of sequences with 99.7% similarity for 
each other and forming a cluster within the γ-subclass Proteobacteria radiation. That 
of the biomass collected from the lab-scale SBR at a transient phase of diverging 
from an EBPR- to a non-EBPR community, was more complex with majority of the 
clusters aligned in Acidobacteria subphylum 4, and in candidate phylum OP10, and 
only one cluster in γ-subclass Proteobacteria radiation with 95% sequence similarity 
with the clones from the non-EBPR biomass. Crocetti et al. (2002) designed, tested, 
and used oligonucleotide probes (known as GAOQ431 and GAOQ989) specific for 
the clones delineated within the γ-subclass Proteobacteria radiation. FISH 
experiments with these probes together with the ones targeting higher taxa, 
revealed that the microorganisms phylogenetically identified in the abovementioned 
lineage and hybridized with the GAO-specific probes were the only dominant group 
(92%) in the non-EBPR systems, and constituted 28% of the total bacterial 
community in the reactor converging from an EBPR to a non-EBPR state. 
Application of these probes together with the chemical-staining procedures on 
biomass samples from one lab-scale SBR and two full-scale WWTP with no EBPR 
performance resulted in detection of the PHA-recycling cells, thus exhibiting the 
GAO-phenotype, which were also hybridized with the GAO-specific probes (see 
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Section 3.3 for review of the results from chemical staining experiments). In addition, 
detection of these cells in two full-scale EBPR systems indicated that these 
microorganisms were also found in EBPR systems, thus confirmed the co-existence 
of GAOs and PAOs. Crocetti et al. (2002) concluded that the microorganisms 
confirmed to exhibit GAO-phenotype, phylogenetically identified as a novel cluster 
within the γ-subclass Proteobacteria radiation, tentatively named as “Candidatus 
Competibacter phosphatis”, and detected in significant levels in non- or deteriorated-
EBPR systems with anaerobic-aerobic phases were the GAOs, either dominating 
the biomass performing anaerobic-aerobic C-transformation processes without 
involvement of poly-P, or competing with the PAOs in EBPR systems.  
It should be noted here that the probes designed, tested, and applied by Manz et al. 
(1992; 1994) have been in use for microbial community profiling of activated sludge 
at a higher taxonomic level. Some of the probes specific for the Rhodocyclus-related 
organisms designed by Hesselmann et al. (1999), as well as the PAO- and GAO-
specific probes designed by Crocetti et al. (2000; 2002) have been intensively used 
to determine the PAO- and/or GAO-populations both in well and in deteriorated 
EBPR systems. Most of these probes were also used within the scope of this current 
PhD dissertation (methods in Subsection 4.4.5, and results in Section 5.4). 
In addition to the ones reviewed above and determined to be present and/or be 
predominant in in situ EBPR processes and confirmed to exhibit the PAO-
phenotype, some –but not all- of the PAO-candidates can be listed as given below. 
It should be noted that phenotypic classification of these isolated and cultured 
organisms as true-PAOs involved in observed EBPR phenomena still remains 
questionable, since most of them failed to exhibit the PAO-specific traits in pure culture: 
• Nakamura et al. (1991; 1995) isolated a bacterium from a lab-scale EBPR 
system and named it as Microlunatus phosphovorus strain NM-1, delineated 
within the Gram(+) High G+C lineage. This isolate was determined to 
accumulate poly-P under aerobic conditions, and to uptake C-sources like 
glucose and casamino acid, but not acetate, under subsequent anaerobic 
conditions. No PHA storage was recorded for this isolate either.  
• Stante et al. (1996) isolated a strain from an EBPR SBR system and identified it 
as Lampropedia sp. This organisms was able to store poly-P, and capable of 
utilizing acetate anaerobically and storing it in the form of PHA. These 
phenotypic traits were characteristic for the PAO-phenotype, though the strain 
had a very unusual morphology with cells growing in a sheet-like arrangement.  
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• Maszenan et al. (2000) isolated two microorganisms from activated sludge 
biomass, which were Gram(+) coccoid cells appearing as coccoid irregular 
clusters or forming tetrads and tetrad clusters in pure culture. Phenotypic and 
chemotaxonomic evaluation of these environmental isolates, together with 
comparison of their complete SSU rDNA sequences with all sequences available 
at the RDP sequence databank, suggested identification of these isolates, as 
well as another previously described environmental isolate, as members of a 
novel genus Tetrasphaera gen. nov. within the Intrasporangiaceae family of the 
phylum Actinobacteria. All three isolates were able to accumulate poly-P, but not 
PHA, when grown aerobically in pure culture.  
• Another member was added to the abovementioned new genus Tetrasphaera by 
Hanada et al. (2002). These researchers isolated a Gram(+) bacterium from an 
activated sludge reactor performing EBPR, which grew in the form of oval to 
short rods or as irregular clumps. Phenotypic, chemotaxonomic, and phylogenetic 
characterization of this environmental isolate enabled its delineation as a new 
species (Tetrasphaera elongata sp. nov.) of the genus Tetrasphaera. Similar to 
the other species (T. japonica and T. australiensis) of this genus, T. elongate 
was also capable of aerobic poly-P accumulation in pure culture.  
• Zhang et al. (2003) isolated a Gram(-) rod-shaped novel bacterium also from an 
activated sludge reactor performing EBPR. Phenotypic, chemotaxonomic, and 
phylogenetic characterization of this environmental isolate resulted in its 
delineation within the candidate division BD (a phylum-level lineage in domain 
Bacteria), and its proposal as the first cultured representative (Gemmatimonas 
aurantiaca sp. nov.) of a novel genus Gemmatimonas within the 
Gemmatimonadetes phyl. nov. Similar to the abovementioned cultured isolates, 
this species was also able to aerobically accumulate poly-P in the form of 
intracellular poly-P granules in pure culture and interestingly was able to 
consume β-hydroxybutyrate, albeit in low amounts, as the C-source for growth. 
All of these studies reviewed up to this point, as well as the ones conducted by, i.e. 
Christensson et al. (1998), Mudaly et al. (2000), Liu et al. (2001), Zilles et al. (2002), 
Eschenhagen et al. (2003), Lee et al. (2003), and Kong et al. (2002; 2005), but not 
limited to this brief list, confirm that the PAOs involved in in situ EBPR processes are 
assembled in a highly specialized functional group, but members of this phenotype 
are widely scattered throughout a broad phylogeny. Same is also valid for the GAOs 
involved in anaerobic-aerobic C-transformation processes and competing with the 
PAOs in EBPR systems. 
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4. MATERIALS AND METHODS 
4.1 Reactor Configuration and Operation 
Three lab-scale reactors were operated in the labs of “Institute of Water Quality 
Control and Waste Management of the Technical University of Munich (TUM; 
Garching, Munich, Germany)” to evaluate the initiation, formation, and progress of 
aerobic granulation in relation with the hydraulic pressures and metabolic/kinetic 
selection pressures applied to the systems. Another lab-scale reactor was installed 
and operated in the labs of “Environmental Engineering Department, Istanbul 
Technical University (ITU; Maslak, Istanbul, Turkey)”, to investigate the possibility of 
application of aerobic granular activated sludge technology in EBPR systems, and 
thus to evaluate initiation, formation, and progress of metabolic selection pressure 
induced aerobic EBPR granular biomass. Sequencing Batch Reactor (SBR) 
configuration was chosen for all operations, since this configuration is quite user-
friendly, easier to operate, flexible to operational changes –which was the prime 
strategy in this study to attain granulation-, and is a promising configuration for full-
scale applications of both aerobic granular biomass systems and EBPR systems. All 
SBRs were cylindrical reactors with different values of internal diameter, working 
height, working volume, etc. All reactors were operated for 4 cycles per day of 6 
hours each. The detailed information on reactor configuration and operational 
conditions for these reactors are as follows. 
4.1.1 Reactors operated at TUM-Germany 
Three lab-scale, cylindrical, glass SBRs were installed and operated in the labs of 
the “Institute of Water Quality Control and Waste Management of the Technical 
University of Munich (TUM)”, Garching, Munich, Germany. Two of the SBRs (wide-
type) were identical in geometry with 19 cm internal diameter, 22.5 cm working 
height, and 6 L of working volume. The third SBR was a bubble-column reactor with 
7.2 cm internal diameter, 74.4 cm working height, and 3 L of working volume. The 
H/D ratio of the wide-type reactors was 1.2, whereas that of the bubble-column 
reactor was 10.3. For all three SBRs, the exchange ratio (VF/VT) was 50%, and the 
V0/VF ratio was 1.  
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The first SBR started-up in the lab was one of the wide-type reactors, which was 
inoculated with 3 L of floccular biomass (3400 mg MLSS/L) taken from the aeration 
basin of the full-scale conventional WWTP in Garching (Munich, Germany), aerated 
for 96 hours without feeding, prior to transfer to the reactor. Acetate was used as the 
sole C-source to provide 800 mg COD/L in the influent (corresponding to a daily 
volumetric loading value of 1.6 kg COD/m3.day), and the reactor was named 
ARC_TUM. 40 days after the start-up of ARC_TUM, the other wide-type reactor and 
the bubble-column reactor were started with the 6 L and 3 L of floccular inocula 
(3700 mg MLSS/L) taken from the same WWTP and aerated in the lab for 24 hours 
without feeding. Propionic acid (Table A.1) was the sole C-source for these reactors, 
which were named as PRC_TUM and ColPRC_TUM. The compositions of the 
synthetic influents are given in Table 4.1. 
Table 4.1: Composition of the Synthetic Influents Fed to ARC_TUM, PRC_TUM, and 
ColPRC_TUM 
 Amounta for; Concentration in; 
ARC_TUM 8 cycles 3x Conc. Feed (9 L)b Influent (24 L) Reactor (6 L)c 
CH3COONa 27.693 g/ 9 L 2400 mg COD/L 800 mg COD/L 400 mg COD/L
132 mg PO4-P/L 44 mg PO4-P/L 22 mg PO4-P/L
Solution A 30 mL/9 L 
132 mg NH4-N/L 44 mg NH4-N/L 22 mg NH4-N/L
PRC_TUM 8 cycles 3x Conc. Feed (9 L)b Influent (24 L) Reactor (6 L)c 
CH3CH2COOH 14.4 mL/ 9 L 2400 mg COD/L 800 mg COD/L 400 mg COD/L
132 mg PO4-P/L 44 mg PO4-P/L 22 mg PO4-P/L
Solution A 30 mL/9 L 
132 mg NH4-N/L 44 mg NH4-N/L 22 mg NH4-N/L
ColPRC_TUM 8 cycles 3x Conc. Feed (4.5 L)b Influent (12 L) Reactor (3 L)c 
CH3CH2COOH 7.2 mL/ 4.5 L 2400 mg COD/L 800 mg COD/L 400 mg COD/L
132 mg PO4-P/L 44 mg PO4-P/L 22 mg PO4-P/L
Solution A 30 mL/4.5 L 
132 mg NH4-N/L 44 mg NH4-N/L 22 mg NH4-N/L
a Minerals (Solution B) were also added to each reactor influent. For ARC_TUM and PRC: 60 
mL Sol. B/ 9 L of 3x conc. feed, and for ColPRC: 30 mL Sol. B/ 4.5 L of 3x conc. feed.  
b In practice, 3x concentrated feeds were prepared in excess (12.5% more than the required 
volumes) to avoid depletion of liquid in the feed buckets. 
c Exchange ratio for all three reactors was 50%. 
The 3x concentrated feed stocks were supplemented with nutrients (Solution A; Table 
A.1) and minerals (Solution B; Table A.1) by addition of calculated amounts of 
Solution A and Solution B (Table 4.1) and refrigerated to prevent degradation. Since 
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propionic acid was used as the C-source for PRC_TUM and ColPRC_TUM, pH 
values of the concentrated feed stocks were adjusted by addition of a base solution 
(3 N NaOH). One part of the influents were pumped, via a high precision multi-
channel feed pump (Ismatec MV-series), to the reactors from 3x concentrated feed 
buckets, and diluted in the reactors with 2 parts of tap water driven from the main tap-
water line, via automatically controlled solenoid valves. 
Reactor operation was maintained automatically through the high precision multi-
channel concentrated feed pump (Ismatec, MV-series), solenoid valves (controlling 
air flow from the main air line and tap water flow from the main tap water line), 
mechanical mixers (Heidolph, ZR series), and level controllers, all connected to a 
PLC-type controller. The air flow-rates from the solenoid valve-controlled main air 
line to the reactors were managed and adjusted to selected values via air-flow-
meters. Selected high air flow-rates allowed operation of all three SBRs at almost 
100% DO saturation levels during the aerobic phase. Membrane-type cylindrical 
diffusers were used for aeration. The effluent pumps (Heidolph), were controlled 
with external digital timers, working parallel with the timers of the PLC. The pH 
levels inside the ARC_TUM and PRC_TUM were maintained at 7-7.2, with pH 
probes (WTW) and acid dosing pumps (Prominent Concept). 0.125 N H2SO4 
solution was used for pH adjustment. The ColPRC_TUM did not have any pH control. 
Biomass was not wasted on purpose from any of the reactors, thus the sludge 
retention time (SRT) was due to the biomass particles, escaping from the reactor 
during effluent withdrawal. A picture showing all three reactors is given in Figure 4.1. 
All the reactors were operated in sequencing batch mode for 6 hours per cycle and 
4 cycles per day. The operational phases in one cycle and the changes applied 
during the study are summarized in Table 4.2. A typical schematic presentation of 
the operational phases for all reactors (i.e., at and after Day86-47) is given in Figure 
4.2. The exceptions to the conditions seen in Figure 4.2 are those mentioned in 
Table 4.2 and its footnotes. Pulse-feeding was applied, during which the reactors 
were fed for a total of 5 min at the beginning of each cycle. 3x concentrated feeds 
were fed to the reactors for 4 min. As soon as the feed pump turned off, the solenoid 
valves turned automatically on to let tap water from the main tap water line to the 
reactors, and turned off by the end of the 5th min (Table 4.2). The total amount of tap 
water entering the reactors (1 L and 2 L to ColPRC_TUM and ARC_TUM, 
PRC_TUM, respectively) were controlled by timer-controlled-solenoid valves and 
level controllers. Pump calibration and maintenance of tubings maintenance were 
executed frequently. 
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Figure 4.1: SBRs operated in the labs of Technical University of Munich (TUM), 
Garching, Munich, Germany. 
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Figure 4.2: Schematic presentation of reactor operation with the periods during one 
cycle (i.e., for all three reactors at and after Day86_47). F: Feeding phase, L: Last 
phase with 1 min of settling, 5 min of effluent withdrawal, and 4 min of idle phases. 
For the first 85 days for ARC_TUM and 46 days for PRC_TUM, mechanical mixing at 
310 rpm was applied during the entire period of each cycle, except at the feeding, 
settling, effluent withdrawal, and idle phases. Starting from D86 for ARC_TUM and 
D47 for PRC_TUM, the PLC was re-programmed to stop mechanical mixers (310 
rpm) after 2 hours of anaerobiosis in each cycle, and mixing during the aerobic period 
was maintained only via aeration (Table 4.2). Moreover, speed of the mechanical 
mixers was decreased from 310 to 240 rpm on the 95th and 56th days of reactor 
operations, respectively for ARC_TUM and PRC_TUM. ColPRC_TUM was initially 
fed from the top of the reactor, thus there were no mixing conditions during the pulse-
feeding period. 
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Table 4.2: Changes in Operational Configurations of the SBRs 
ARC          PRC ColPRC
Days ConcFeed
Tap 
Water Infl
a. Mixingb Anaer Aeration Settl. Effl. Idle Daysc 
D1 4 min 2 min 5 min 5h 15 min 2 h 3h 15 min 10 min 10 min 20 min  
D17 4 min 1 min “ 5h 35 min “ 3h 35 min 10 min 5 min 5 min  
D22 “ “ “ 5h 40 min “ 3h 40 min 5 min “ “  
D42 “ “ “ 5h 45 min “ 3h 45 min 3 min “ 2 min D1 
D64 “ “ “ 5h 45 min “ “ 1 min “ 4 min D25 
D86d “ “ “ 2 h “ “ “ “ “ D47d 
a Time for influent (TF): Sum of concentrated feed- and tap water-introduction times 
b Time for mixing: Sum of anaerobic and aerobic phases until D86 for ARC and D25 for PRC. 
After that point, mixing was applied only during the anaerobic phase. No anaerobic mixing was 
applied in ColPRC (static-fill) 
c PRC and ColPRC were started-up 40 days after the start-up of ARC. 
d Starting from that point till the last day of operation, all three reactors were operated with 
constant settling conditions (1 min). One exception was for 4 days, between days 87-91 for 
ARC and days 48-52 for PRC and ColPRC, during which TS was increased to 2 min following 
the addition of EBPR biomass to the reactors. 
No mechanical mixing was applied to the ColPRC_TUM during the anaerobic period. 
After operation for two months under these conditions, the location of the inlet tubing 
was changed so that the ColPRC_TUM was started to be fed from the bottom of the 
reactor (starting on Day56). Due to the high overflow rate of the influent, this new inlet 
configuration provided a brief (for total of 5 min), yet thorough mixing between the 
settled sludge bed, the bulk liquid phase on top of the settled sludge bed, and the 
incoming influent. In summary, the biomass in the ColPRC_TUM remained settled 
during the whole (D1-D56) or most (D56-D124) of the anaerobic phase.  
For all three SBRs, after 2 hours of anaerobic period, aeration was provided till the 
end of reaction time. Following the time allowed for settling of the biomass, the 
supernatants were withdrawn from the reactors via the effluent pumps and collected 
for measurement of effluent suspended solids (ESS). A new cycle started after a 
short idle period (Table 4.2). 
As can be seen from Table 4.1, all three SBRs were fed with synthetic influents with 
compositions resulting in initial in-reactor values of 400 mg COD/L, 22 mg PO4-P/L, 
and 22 mg NH4-N/L (considering an exchange ratio of 50%). The resulting COD:P 
ratio was 18.2 (mg COD/mg PO4-P); a value which is comparable to those reported 
in the EBPR literature (see also Tables 6.8a and 6.8b). The initial intention in 
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supplying ortho-P to the biomass in the SBRs was to provide a metabolic selection 
pressure (together with supply of acetate or propionate as the sole C-sources and 
application of 2 hr-anaerobiosis at the head of each cycle) in favor of growth and 
maintenance of PAOs in the systems. In order to support and accelerate this, all 
three SBRs were supplemented on Day86-47, with EBPR biomass collected from a 
full-scale WWTP. For that purpose, on Day85-46, 11 L of mixed liquor was collected 
from the aeration (nitrification) tank of a full-scale BNR WWTP 
(Abwasserzweckverband München-Ost, Rathausstrasse 4, Poing, Munich, 
Germany) with a good EBPR performance (0.45 and 1.05 mg PO4-P/L in the 
effluents from the aeration basin and the secondary clarifier, respectively), and 
aerated overnight in the lab without feeding. The conventional characteristics of the 
EBPR biomass determined next day were as follows: 5930 mg MLSS/L, 67% 
VSS/SS ratio, and an SVI30 value of 67 mL/g. On Day86_47, the biomass in 
PRC_TUM and ColPRC_TUM were let settle by the end of the early-morning cycle, 
the supernatants were withdrawn, and 1 L of EBPR inoculum (mixed liquor) was 
added to each SBR. Since the original biomass in ARC_TUM was almost totally 
washed out (77 mg MLSS/L), the remaining biomass was settled as much as 
possible, and leaving 4.5 L of the settled biomass in the reactor, approx. 2.5 L of 
EBPR inoculum was supplemented to ARC_TUM. The reactors were fed as usual, 
to receive 800 mg COD/L, 44 mg PO4-P/L and 44 mg NH4-N/L. Then to provide an 
extended contact time allowing cohesive interaction between the cells introduced in 
the EBPR inoculum and the original biomass in the reactors, and thus enforcing the 
EBPR biomass attach onto the original biomass aggregates and get acclimated to 
the lab-scale operational hydraulics and conditions, the usual cycle period was 
amplified approx. 4x. The biomass in the reactors, mixed with EBPR inoculum, were 
subjected to 10 h of anaerobic-, and 12 h of aerobic mixing. By the end of 22 h 
contact time, the reactor contents were let settle for 2 min on Day87_48, supernatants 
were withdrawn and new cycles with the usual operational conditions were started.  
4.1.2 Operational changes to initiate, maintain, and enhance aerobic 
granulation  
During the start-up period of the ARC_TUM (Day1-Day22), the reactor was operated 
with a TS value of 10 min to let biomass adapt to the lab-scale operation with acetate 
as the sole C-source, and to avoid extensive biomass washout. The vSair value 
during this period was also low (0.24 cm/s). As described briefly in Subsection 
2.3.1.2 and substantiated with the comparative literature review of the relevant 
studies given in Subsection 2.5.1, application of a low TS value is determined as an 
139 
operational strategy to support the initiation of aerobic granulation via imposing an 
indirect selective pressure, causing the slowly settling floccular biomass to be 
washed out and the rapidly settling biomass aggregates to be retained in the 
reactor. Similarly, as stated in Subsection 2.3.1.1 and exemplified with the 
comparative literature review of the relevant studies given in Subsection 2.5.2, 
application of a considerably high hydrodynamic shear force, i.e. in terms of 
superficial upflow air velocity (vSair), has been considered as the main hydraulic 
selection pressure influencing the initiation, formation, and stability of aerobic 
granular biomass. Thus, in order to initiate, maintain, and enhance the formation of 
aerobic granular biomass inside the ARC_TUM, the applied TS and vSair values were 
gradually changed. TS was gradually decreased from 10 to 5, 3, and finally to 1 min 
via re-programming the PLC each time. These changes resulted in increased vmin 
values for the corresponding operational periods. The hydrodynamic shear force (in 
terms of vSair) applied to the biomass cultivated in the ARC_TUM, was gradually 
increased from 0.24 first to 0.49, and then to 1.76 cm/s, via increasing the overflow 
rate of air (Qair) supplied to the reactor. However, since mechanical mixing was also 
applied (between Day1-Day86; both during the anaerobic- and aerobic-periods, and 
between Day86-Day163; only during the anaerobic period), introduction of air to the 
system during the aerobic period was not the only factor contributing to the overall 
hydrodynamic shearing rates that the biomass experienced, and the one originating 
from the influence of mechanical mixing was also taken into account (see Chapter 5, 
Subsection 5.1.1 for detailed explanations and the calculatory procedure). The 
operational changes were made one at a time, to be able to separately evaluate the 
influence of decreasing the TS or increasing the vSair, or changing the shear rate due 
to mechanical mixing, on aerobic granulation. Consequently, it was possible to 
classify the entire course of operational time into categories with respect to the 
extent of hydraulic pressures exerted on the biomass in ARC_TUM (see Chapter 5, 
Section 5.1 for details). 
Similar operational strategies and changes were applied also for PRC_TUM and 
ColPRC_TUM, except that the TS value during the start-up period of these SBRs 
(Day1-Day25) was 3 min (instead of 10 min as it was for ARC_TUM). The start-up 
period TS value was kept low for PRC_TUM and ColPRC_TUM to accelerate 
washout of slowly-settling floccular biomass from the systems (see also Chapter 5). 
Since these operational changes were applied as the main strategies to initiate, 
maintain, and enhance aerobic granulation in all three SBRs, thus were directly 
correlated with the observed results, the details of all the changes in operational 
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settings are not outlined here, but are provided in Chapter 5 (Tables 5.3, 5.5, and 
5.8 for ARC_TUM, PRC_TUM, and ColPRC_TUM, respectively), to provide ease in 
evaluation of the results in relevance to the influence of the applied operational 
changes. 
4.1.3 Reactor operated at ITU-Turkey 
A lab-scale, cylindrical, fiberglass, wide-type SBR (internal diameter, D= 14 cm) was 
installed and operated in the labs of the “Environmental Engineering Department, 
Istanbul Technical University (ITU-Turkey)”. Working volumes (VT), initial volumes 
(VO), and filling volumes (VF) were altered during the course of the study to adapt to 
the changes observed in the biomass properties and removal efficiencies, and also 
to enhance aerobic granulation in the reactor. These configurational changes 
resulted in different H/D values and exchange ratios. The SBR was fed with acetate 
as the sole C-source, thus named ARC_ITU. Composition of the synthetic influent 
fed to this reactor was also altered during the course of the study for the same 
purposes.  
Feeding solution was prepared fresh on daily basis, or for maximum of two days, via 
dissolving calculated amounts of sodium acetate (Riedel, RH25022) in tap water. 
Stock nutrient solutions (Solution A) with different strengths were prepared during 
the course of the study, via dissolving potassium salts of orthophosphate and 
ammonium chloride in dI water. The feeding solution was supplemented with 
nutrients (Solution A) and minerals (Solution B; Table A.1) by addition of appropriate 
amounts of Solution A and Solution B. The resulting influent composition applied at 
different stages of reactor operation is not listed here, but provided in Chapter 6, 
Tables 6.2a and 6.2b. 
ARC_ITU was fed with a synthetic influent with compositions resulting in COD:P 
ratios in the range of 5 to 32.1, with the most frequently applied value of approx. 15 
(mg COD/mg PO4-P). The latter is comparable to those reported in the EBPR 
literature (see also Tables 6.8a and 6.8b), and the prime reason for supplying ortho-
P to the biomass in the SBR was to provide a metabolic selection pressure (together 
with supply of acetate as the sole C-source and application of 2 h-anaerobiosis at 
the head of each cycle) in favor of growth and maintenance of PAOs in the system. 
ARC_ITU was inoculated with a floccular biomass collected from the aeration tank 
of a conventional C-removing WWTP (Adela Plant, Ayazaga, Istanbul). Reactor 
operation for ARC_ITU was maintained automatically via the instruments controlled 
by external timers (Omion H2E-2). In contrast to the reactors operated in Germany, 
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which were fed at a pulse-feeding mode for a total of 5 min, the ARC_ITU was fed 
continuously during the first half of the 2 h-anaerobic period at the beginning of each 
cycle. Influent was pumped into the reactor with a high-precision feeding pump 
(Ismatec Ecos), and the flow-rate was kept low to provide a continuous flow for 1 
hour. To maintain continuous and thorough mixing conditions, as well as high shear 
forces, inside the reactor, the mechanical mixer (CAT R50, Ingenierbüro CAT, M, 
Zipperer GmbH) was turned on at the beginning of the anaerobic period and 
mechanical mixing was provided at 100-300 rpm. At the end of the 2 h-anaerobic 
phase, samples were collected from the SBR. As soon as the mechanical mixer was 
turned off at the end of the anaerobic phase, the aquarium-type air-compressor 
(ADDX X-202, Japan) was turned on, operated at maximum overflow-rate capacity 
(max. Qair = 100-130 L/h) and the reactor was aerated for the rest of the reaction 
time. Aquarium-type air-stones were used as diffusers. By the end of the aerobic 
phase, samples were again withdrawn from the reactor and the biomass was let 
settle for the designated time of settling (TS= 30 min between weeks 1-22 and 
decreased to 15 min after that point). By the end of the settling period, effluent was 
withdrawn from the reactor via gravitational-force-based a solenoid valve (Tork T-
BU201, 6 Bar, Turkey), which was also connected to a timer. The SBR remained 
idle for a short time before the start of the next cycle.  
The total amount of influent entering to the reactor was also controlled by the level 
controller sensing the liquid level inside the reactor and connected to the influent 
pump to turn it off in case of any possibility of reactor over flow. The pH levels inside 
the ARC_ITU was maintained at 6.5-7.5 with a pH controller unit (Extech 
Instruments, Series 4030) equipped with a pH probe (Sensorex pHASE, Stanton, 
CA, USA) and two pumps (Prominent Concept, Heidelberg, Germany), dosing weak 
acid- (0.1-0.5 N H2SO4) or weak base-solutions (1 N NaOH). On daily basis, 
biomass was wasted manually to maintain the designated sludge retention time 
(SRT) inside the reactor (see Chapter 6, Tables 6.2a and 6.2b). On the 45th week of 
reactor operation, a second cylindrical fiber-glass piece was mounted to the 
ARC_ITU, to surround the main reactor body so that a double-jacketed configuration 
was maintained, which enabled control of temperature inside the reactor at 20oC. A 
picture showing ARC_ITU is given in Figure 4.3. A schematic presentation of the 
periods during one typical cycle of ARC_ITU (i.e., starting from Week22 till the end 
of reactor operation) is given in Figure 4.4. The exceptions to the conditions seen in 
Figure 4.4 are also provided in Tables 6.2a and 6.2b and also described in details in 
the relevant subsections of Chapter 6. 
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All the changes in operational settings and influent compositions applied throughout 
the entire course of operation of ARC_ITU were realized both to select for and 
sustain a slow-growing P-removing PAO population inside the system to attain an 
EBPR performance, as well as to initiate, promote, and enhance the formation of 
aerobic granular biomass in the reactor. Consequently, since the applied changes 
were directly correlated with the observed results, the details of all the changes are 
not outlined here, but are provided at the beginning of Chapter 6, in Tables 6.2a and 
6.2b, to provide ease in evaluation of the results in relevance to the influence of the 
applied changes.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3: SBR operated in the labs of Environmental Engineering Department, 
Istanbul Technical University. 
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Figure 4.4: Schematic presentation of reactor operation with the periods during a 
typical cycle of ARC_ITU (after Day146). F+MM: Feeding phase with mechanical 
mixing (MM), S: Settling period (15 min), W: Effluent withdrawal (30 min), I: Idle 
phase (no reaction.) 
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4.2 Measurement of Conventional Parameters 
All four reactors were sampled frequently during the entire time of operation 
(ARC_TUM: Day1 to Day163, PCR_TUM and ColPRC_TUM: Day1 to Day124, and 
ARC_ITU Day1 to Day474) to monitor the biochemical conversion performance of 
the reactors, the biomass characteristics, and also to observe the initiation, 
occurrence, and progress of aerobic granulation.  
Grab samples from ARC_TUM, PRC_TUM, and ColPRC_TUM were collected by 
the end of the anaerobic and aerobic periods, filtered immediately through 
membrane filters with pore size of 0.45 µm, under positive pressure, and subjected 
to COD and PO4-P measurements, immediately. Both the COD and the PO4-P 
concentrations in these filtered samples, as well as those in the concentrated feed 
stocks, were measured with Dr. Lange kits (Dr. Bruno Lange GmbH & Co, 
Düsseldorf, Germany; Table A.1). Samples were diluted with dI water, when 
necessary. A Dr. Lange spectrophotometer (ISIS 6000 Dr. Lange MDA Photometer, 
Dr. Bruno Lange GmbH & Co, Düsseldorf, Germany) was used for the 
abovementioned measurements.  
Grab samples from ARC_ITU were collected by the end of two subsequent cycles, 
and from mixed liquor at end of 1 hour-filling and 2 hour-anaerobic phases of the 
reactor, filtered through AP40 glass fiber filters, and preserved (when necessary) for 
analyses. The performance of ARC_ITU was monitored by daily measurements of 
COD, PO4-P, and oxidized nitrogen (NOX-N) species. Analyses were performed in 
duplicates and according to the Standard Methods for the Examination of Water and 
Wastewater (APHA et al., 1998), except that duplicate COD measurements were 
carried out as described in the International Standard ISO 6060 (International 
Organization for Standardization, 1986). Closed re-flux method was preferred for 
COD measurements. 
For all four reactors, MLSS and MLVSS measurements in duplicates were also 
carried out and SVI30 values were determined, all according to the Standard 
Methods for the Examination of Water and Wastewater (APHA et al., 1998), in grab 
mixed liquor samples colleted right before the end of aerobic periods. The effluents, 
withdrawn from ARC_TUM, PRC_TUM, and ColPRC_TUM at the end of each cycle, 
were also sampled for SS and VSS measurements (ESS and EVSS, respectively). 
Total P content of the biomass (mg PO4-P/g MLSS) cultivated in ARC_ITU, which 
was operated for EBPR, was determined in grab mixed liquor samples collected 
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right before the end of the aerobic phase, via performing sulfuric acid-nitric acid 
digestion followed by stannous chloride method (APHA et al., 1998). 
In addition, a total of five sets of cyclic evaluation experiments were conducted for 
ARC_ITU, to establish the COD, PO4-3-P, and Nox-N profiles during one cycle under 
applied operational conditions, and to investigate the influence of different 
operational conditions on EBPR efficiency of the system. The results of these 
analyses were also used to compare the system in terms of the levels of the EBPR 
descriptors with those reported in the general EBPR literature for suspended growth 
systems, as well as with those reported in the limited aerobic granular EBPR 
biomass literature. 
4.3 Measurement of Indicative Parameters of Aerobic Granulation 
The indicative parameters monitored frequently in this study to follow up the 
initiation, formation, and progress of aerobic granulation in ARC_TUM, PRC_TUM, 
and ColPRC_TUM were MLSS, SVI30, dgra, particle size distribution, aspect ratio, 
shape factor, cell-surface hydrophobicity, and ExoPS and ExoPN constituents of 
EPS. The first six parameters were also used to describe the initiation, formation, 
and progress of aerobic granular EBPR biomass in ARC_ITU. The descriptions of 
these parameters, as well as their significance with regard to aerobic granulation, 
were previously provided in Chapter 2, Subsection 2.2. The methods used for the 
measurement of the MLSS and SVI30 were mentioned above, and those of the 
others are as follows. 
4.3.1 Image analyses for size and morphology of the granules 
Mixed liquor samples collected frequently from ARC_TUM, PRC_TUM, and 
ColPRC_TUM, were transferred to Petri dishes at the day of sampling, the biomass 
morphology was observed with a stereomicroscope (Leica Wild MPS 46/52, Vienna, 
Austria), and images were captured with a digital camera (Kodak E995). Minimum of 
10 representative pictures were taken from each biomass sample. The total 
magnification provided by the dissecting microscope was between x6.5 and x40.  
The digital images were then processed for image analyses (ImagePro Plus, V4.0, 
Media Cybernetics) to determine mean diameter of each granule, average dgra value 
for each biomass sample (a fictive value representing the arithmetic average of the 
mean diameters of all the granules measured in a biomass sample), and average 
values of aspect ratios and shape factors for each biomass sample. Aspect ratio 
(roundness of a particle) for each granule was determined as the ratio between the 
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minimum ferret and maximum ferret, or the ratio between the minor and major axis 
of ellipse equivalent to an object (0 = line, 1 = circle). Shape factor (capriciousness 
of particle surface or smoothness) for each granule was calculated as 
[4*π*Area/Perimeter2], where perimeter was the length of the granule’s outline (0 = 
line, 1 = circle).  
Similarly, mixed liquor samples collected occasionally from ARC_ITU were 
transferred to Petri dishes at the day of sampling, the macro-structure of the 
granular biomass was observed with a stereomicroscope (Olympus BX60), images 
were captured with a digital camera (SPOT RX), all connected to a PC, and image 
analyses were conducted (ImagePro Plus, V4.0, Media Cybernetics). 
4.3.2 Cell surface hydrophobicity by MATH assay 
One way of measuring cell surface hydrophobicity is via extrapolating to the degree 
of adherence of cells on some liquid hydrocarbons. The “Microbial Adhesion to 
Hydrocarbons-MATH-“ assay, developed by (Rosenberg et al., 1980), is one of the 
most widely-used, rapid quantitative method for this purpose. This assay involves 
mixing of cell suspensions with a selected liquid hydrocarbon, thoroughly, 
observation of phase separation, and measurement of decrease in light absorbance 
in the liquid phase.  
For the application of MATH test in this study, all the glass-wear was cleaned with 
soapy water, kept in 1% HCl bath overnight, rinsed with dI water the next day and 
dried. The samples and the buffer were kept on ice until aliquoting, homogenization 
of the samples was carried out on ice and centrifugation was performed at +4oC. For 
each reactor, 25-200 mL of mixed liquor sample (to give approx. 4 g dry weight) was 
transferred directly or combined in a 50 mL Falcon tube and centrifuged for 15 min 
at 3,500 rpm, +4oC (Sigma 4K15). Three aliquots of 1 mL of supernatant were 
collected for emulsification test and the rest was discarded. The biomass pellet was 
washed with and re-suspended in 40 mL Phosphate Urea Magnesium sulfate (PUM) 
buffer (Table A.1), without vortexing, but shaking. The re-suspension was 
centrifuged for 15 min at 3,500 rpm, +4oC, and the supernatant was discarded. The 
pellet was transferred to a Wheaton-homogenization tube by the help of addition of 
and mixing with PUM. The final volume was fixed to approx. 20 mL with PUM buffer, 
and the sample was homogenized for 10 min (Janke & Kunkel, RW 20 DZW, 
Staufen, Germany), while holding the tube inside an ice-bucket.  
The homogenized sample was diluted and mixed with sufficient amount of PUM 
buffer to obtain an OD (optical density) level between 0.7 and 0.8 at 436 nm. Five 
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aliquots of 5 mL diluted sample were prepared in 20 mL glass tubes and 1 mL of n-
hexadecane was added to each aliquot. Another five aliquots of 5 mL diluted sample 
were also prepared without n-hexadecane, as controls. All the aliquots were 
incubated for 30 min, in a water-bath at +30oC, then vortexed rigorously for 2 min, 
and incubated at room temperature for 15 min, for phase separation. Sufficient 
amount of the relatively clear liquid phase (bottom layer) was transferred, with a 
Pasteur pipette, to a regular spectrophotometry cuvette (plastic, 10 mm light path,1 
mL sample holding volume), without disturbing the biomass particles attached to the 
n-hexadecane layer at the top. A UV-VIS spectrophotometer was used to record the 
OD of each aliquot at 400 nm. The average OD values and standard deviations of 5 
control- and 5 adhesion-reactions were calculated via ignoring one reading, which 
was the most off the range value, to keep the covariance smaller than 10%. % 
hydrophobicity of a biomass sample was then estimated as the percent decrease in 
hydrophobicity due to adhesion to n-hexadecane, thus average OD value of the 
adhesion reactions was subtracted from that of the control reactions and normalized 
to the latter. “Emulsification test” was carried out during the MATH assay (see 
Appendix A, Section A.1 for the procedure). 
4.3.3 Extraction of Extracellular Polymeric Substances (EPS) 
Extraction and quantification of Extracellular Polymeric Substances (EPS), which 
are mainly composed of proteins and carbohydrates, could be problematic and 
comparative evaluation of EPS data from different sources could be erroneous if 
consistency cannot be ensured during sample handling, EPS extraction, extract 
preservation, and downstream measurements. Thus, within the framework of this 
study, all procedures related with EPS extraction were carried out the same way, 
and one of the most widely-used EPS extraction protocols, proposed by (Frolund et 
al., 1996), was used for all EPS extractions with slight modifications. DOWEX 50x8, 
a cation exchange resin (Table A.1), was used to extract the loosely- and tightly-
bound biomass-EPS, and all experiments were executed at +4oC (or on ice). 
Mixed liquor samples were collected from each reactor before the end of aeration. 
The volume of mixed liquor to be used for EPS extraction and to correspond to 
approximately 0.5 g MLVSS was estimated from the MLVSS measurement carried 
out the day before sampling. The sufficient volume of sample was portioned 
immediately after sampling, to 50 mL Falcon tubes, and centrifuged at +4oC, 10,000 
rpm, for 15 min (Sigma 4K15), to separate the biomass from the bulk liquid, which 
was suspected to contain soluble-EPS. Three aliquots (15 mL) of supernatant were 
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collected, carefully without disturbing the biomass pellet, and refrigerated at -20oC, 
until further analyses for the determination of soluble-EPS, as well as other soluble 
proteins and polysaccharides present in the effluent.  
The biomass pellets were combined in 2 Falcon tubes, washed via re-suspending in 
approx. 30 mL ddI water, vortexing, and centrifuging at +4oC, 10,000 rpm, for 
another 15 min. After discarding the supernatant, the biomass pellets were re-
suspended in 10 mL PBS (Table A.1), the suspensions were transferred to 30 mL 
Wheaton-homogenization tubes, the Falcon tubes were washed with 10 mL PBS 
and these were added to the suspensions in the homogenization vials. The 
suspensions were homogenized for 10 min, at maximum speed (980 rpm), using a 
rod-type homogenizer (Janke & Kunkel, RW 20 DZW, Staufen, Germany). Then the 
homogenized portions were poured together and the final extraction volume was 
adjusted to 100 mL with PBS. Meanwhile, sufficient amount of DOWEX resin (35 g 
DOWEX resin / 0.5 g MLVSS sample) was washed with PBS. The buffer was 
drained via coarse-filtering. The resuspended and homogenized samples were 
added to 500 mL extraction flasks; each containing 35 g PBS-washed DOWEX 
resin. The flasks were capped, put into ice-buckets full of ice, placed on stirring-
plates. EPS extraction was performed at +4oC, in dark, for 4 hours, while the 
samples were continuously stirred at 750 rpm. A reagent blank was also run 
together with the reactor samples. 
After 4 hours of extraction, flask contents were transferred to 50 mL centrifuge 
tubes, spanned down briefly (1 min) at +4oC, 10,000 rpm, to eliminate heavy and 
dense DOWEX resin, the supernatants were transferred to clean centrifuge tubes 
and centrifuged for 15 min at +4oC, 10,000 rpm, to separate the biomass from the 
bulk liquid. The supernatants, now including the extractable-EPS, were combined, 
mixed well, and then aliquoted to 50 mL Falcon tubes. The extracts were preserved 
at -20oC, until measurement of proteins and total carbohydrates with the following 
procedures. 
4.3.4 Total carbohydrates by Anthrone method 
The protocol given by Gerhardt et al. (1994) for the “anthrone method” (see 
Appendix A, Section A.2 for basic principles of the method) was used for the 
isolation and measurement of the total carbohydrates of extractable-EPS in the 
samples treated with DOWEX resin, as well as the total carbohydrates of soluble 
EPS, and/or of any other origin, in the supernatants harvested after the first 
centrifugation of the biomass samples. The reagent blanks from the EPS extraction 
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experiments were also treated in accordance with the same protocol. No dilution 
was needed for the reagent blank and the supernatant samples, whereas the 
extracts were diluted with ddI water (2x to 5x dilution). Duplicates from each 
sample/diluted sample were subjected to the “anthrone method” and amount of total 
carbohydrates in each one was estimated via reading the absorbance against a 
glucose standard curve. The absorbance value for each replica was calculated as 
the average of values recorded for three aliquots from each replica.  
Anthrone solution was prepared freshly at the day of measurement by dissolving 0.5 
g anthrone (Table A.1) in a total of 10 mL absolute ethanol, and adding 75% H2SO4 
solution to a final total volume of 250 mL. A glucose (Table A.1) dilution series (0, 
20, 40, 60, 80, and 100 mg glucose/L) was prepared freshly at the day of 
measurement and treated the same way as the samples. All glass-ware were 
cleaned thoroughly with anti-bacterial detergent (mucasol), rinsed well with ddI 
water, and dried prior to use. All the solutions, samples, and standards were kept on 
ice during the entire procedure, until boiling. 
The samples (extracts/supernatants/reagent blanks) were vortexed to mix well, 
diluted with ddI water when necessary and 1 mL of samples were transferred to 
boiling tubes (Pyrex tubes or Shott-glass vials). 2 mL of already chilled 75% H2SO4 
solution was added to each sample for dehydration and monomerization of the 
sugars. Tubes were capped and vortexed briefly to mix. Then, 4 mL of freshly-
prepared and already chilled anthrone solution was added to each sample, tubes 
were capped, vortexed briefly again to mix well, and the tubes were placed in a 
water bath already heated up to 100oC. After 15 min of acid-heat digestion at 100oC, 
the samples were cooled down to room temperature, vortexed briefly to mix, and 
sufficient amount of digested samples were transferred in triplicates to semi-micro 
disposable spectrophotometry cuvettes (10 mm path length, sample capacity of 1.5-
3 mL, FisherBrand 14-385-942), and absorbance readings were carried out at 578 
nm with a UV-VIS spectrophotometer (Shimadzu). The absorbance readings were 
converted to glucose concentrations by the help of the glucose standard curve. After 
managing the values of triplicates (for each digest) and duplicates (for each 
sample), the amount of total carbohydrates originating from loose- and/or tightly-
bound EPS in each biomass sample was calculated by subtracting the reagent blank 
and supernatant values from the corresponding extract value. 
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4.3.5 Proteins by Lowry assay 
The Lowry Assay, outlined by Lowry et al. (1951) and recommended for determining 
the amount of proteins in biological samples (Gerhardt et al., 1994) (see Appendix 
A, Section A.3 for basic principles of the method), was used in this study, to 
estimate the amount of proteins associated with the extractable-EPS in the samples 
treated with DOWEX resin, and related with the soluble EPS and/or any other origin, 
in the supernatants collected after the first centrifugation of the reactor biomass 
samples. The reagent blanks from the EPS extractions were also subjected to Lowry 
Assay. The extracts, but not the reagent blanks and the supernatant samples, from 
the EPS-extraction experiments were diluted with ddI water (2x to 8x dilution) prior 
to testing. Duplicates from each sample/diluted sample were subjected to the Folin 
reaction and absorbance value for each replica was calculated as the average of the 
readings recorded for three aliquots from each replica.  
The recipes for the solutions used in this study, and those presented by Gerhardt et 
al. (1994) are listed together in Appendix A, Table A.2, which shows that the 
difference between these recipes in terms of the amounts of chemicals in the final 
reactions is insignificant. The Lowry solution was prepared freshly at the day of 
measurement by mixing hundred parts of Solution A, one part of Solution B, and one 
part of Solution C (Table A.2). Folin solution was also prepared fresh by adding 6 
mL ddI water to 5 mL of 2 N Folin and Ciocalteu’s Phenol Reagent (Sigma). Since 
Folin solution is light-sensitive, it was prepared at the last 5 min of the first sample 
incubation (see the below procedure) and kept in an amber bottle. Bovine Serum 
Albumin (BSA) (Table A.1) was selected as the protein for the standard curve. A 
dilution series of 0, 20, 40, 60, 80, and 100 mg BSA/L was prepared freshly at the 
day of measurement from a 0.01% (w:v) stock BSA-solution, and treated the same 
way as the samples. 
The samples (extracts/supernatants/reagent blanks) were vortexed to mix well, 
diluted with ddI water when necessary, and 0.5 mL of samples were pipetted into 10 
mL glass tubes. 0.7 mL of freshly prepared Lowry solution was added to each 
sample, tubes were capped, vortexed, and the samples were incubated for 20 min, 
at room temperature, in dark. Then, 0.1 mL of Folin solution was added to each 
sample. Vortexing each sample immediately after the addition of Folin solution was 
crucial, since the reactivity of this solution lasted only a few seconds upon addition 
to the alkaline protein-containing liquid (Gerhardt et al., 1994). The samples were 
incubated for another 30 min at room temperature, in dark. After 30 min, the 
samples were vortexed briefly to mix, and transferred in triplicates to semi-micro 
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disposable spectrophotometry cuvettes (10 mm path length, sample capacity of 1.5-
3 mL, FisherBrand 14-385-942). A UV-VIS spectrophotometer was used to read 
absorbance at 750 nm. Using the BSA standard curve, the absorbance readings 
were converted to protein concentrations. After managing the values of triplicates 
(for each digest) and duplicates (for each sample), the amount of proteins 
originating from loose- and/or tightly-bound EPS in each reactor sample was 
calculated by subtracting the reagent blank and supernatant values from the 
corresponding extract value. 
4.4 Advanced Molecular Analyses for Microbial Community Profiling 
4.4.1 Biomass sampling and preparation for molecular analyses 
The biomass, which were cultivated in ARC_TUM, PRC_TUM, ColPRC_TUM, and 
evolved from a suspended floccular state to an aggregative physiology resulting in 
granulation, were systematic sampled for molecular analyses during the entire 
course of the study: from Day1 to Day163 for ARC_TUM, and from Day1 to Day124 
for PRC_TUM and ColPRC_TUM. Grab samples of mixed liquor contents from the 
reactors were transferred through sampling ports to plastic sampling bottles, right 
before the end of the aerobic periods of one cycle at the designated sampling days. 
The biomass samples were divided into three portions for further analyses.  
The activated sludge collected at two different times from a full-scale conventional 
WWTP (Garching, Munich, Germany) and used as the seed biomass to start-up first 
ARC_TUM and then PRC_TUM and ColPRC_TUM, as well as the activated sludge 
taken from a full-scale BNR WWTP (Abwasserzweckverband München-Ost, 
Rathausstrasse 4, Poing, Munich, Germany), exhibiting a good EBPR efficiency, and 
added to all three reactors on Day86-47, were also sampled for molecular analyses. 
In the course of reactor operation, the biomass in all reactors became granular as 
mentioned above, thus it became necessary to homogenize the samples to provide 
homogeneity and accuracy in down-stream applications. Consequently, by the first 
occurrence of granular biomass in the reactors, the biomass samples collected for 
molecular analyses were started to be homogenized. For that purpose, approx. 10 
mL of mixed liquor contents sampled from the reactors were immediately transferred 
to 30 mL Wheaton homogenization-tubes, and the granules were crushed for 3-5 
min, at maximum speed (980 rpm), using a rod-type homogenizer (Janke & Kunkel, 
RW 20 DZW, Staufen, Germany). The homogenized biomass samples were then 
preserved or prepared for molecular analyses. 
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All the step involved in homogenizing, washing, and preserving the biomass 
samples prior to DNA-extraction-, PCR-amplification-, and DGGE-applications, as 
well as those for fixing the biomass samples prior to FISH experiments are provided 
in details in Appendix A, Sections A.4 and A.5, respectively, together with the 
information on the chemicals used to during these preparative steps. In summary, 
biomass samples collected from the SBRs were homogenized, aliquoted (three 
aliquots; 2 mL each), washed three times with 85% KCl solution, and the pellets 
were preserved at -20oC, until proceeding with DNA-extraction, PCR-amplification, 
and DGGE-application. The biomass samples (two aliquots for each) to be 
subjected to FISH experiments were fixed with a diluted formaldehyde solution (final 
formaldehyde concentration of approximately 4%), in dark, for 3.5-4 hours at room 
temperature, or for overnight at +4oC, washed twice with 1xPBS, resuspended in 
1xPBS, preserved with absolute ethanol (in 1:1 [v:v] proportion), and refrigerated at -
20oC, until proceeding with hybridization. Fixation with ethanol was also carried out 
for another two aliquots for each sample. 
4.4.2 Isolation of DNA and PCR amplification of V6-V8 regions of SSU rDNAs 
QIAGEN DNeasy Plant Mini Kit (Cat. No. 69104) was selected to proceed with 
isolation of DNA from a total of 50 biomass samples harvested from the reactors. 
DNA isolation was performed in accordance with the “protocol for isolation of DNA 
from plant tissue with the DNeasy plant mini kit” provided by the manufacturer. For 
this purpose, 200 µL of KCl-washed biomass pellets were resuspended with 100 µL 
of 1xPBS. The details of the DNA extraction protocol are provided in Appendix A, 
Section A.6.  
Amplification via Polymerase Chain Reaction (PCR) was the preparative step prior 
to DGGE application, where resolution was limited to an amplicon size of maximum 
500 bp. The objective of the DGGE application in this study was to monitor and 
evaluate the bacterial population shifts, thus bacterial forward and reverse primers 
were selected to amplify the V6 and V8 (variable6 and variable8) regions of the SSU 
rDNA segment of the extracted genomic DNAs. Names and sequences of the 
forward and reverse primers, provided from MWG-Biotech (Ebersberg, Germany), 
together with those of the GC-clamp attached to the forward primer at the 5’-end, 
are given in Table 4.3. During the PCR amplification reactions, 2 µL of template 
genomic DNA, isolated from the biomass samples, were amplified using Taq DNA 
polymerase (Table A.3) and abovementioned forward and reverse bacterial primers, 
in a thermocycler (Biometra Thermocycler, Goettingen, Germany). 
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Table 4.3: Bacterial Primers used in PCR Amplification 
Common Name Sequence Reference 
GC-Clamp 
5′-C GCC CGG GGC GCG CCC CGG 
GCG GGG CGG GGG CAC GGG GGG-3′ 
Nübel et al., 1996
F-968* 5′-AA CGC GAA GAA CCT TAC-3′ Nübel et al., 1996
R-1401* 5′-CGG TGT GTA CAA GAC CC-3′ Nübel et al., 1996
*Forward and reverse primers used to amplify SSU rDNA segment starting from nucleotide 
position 968 and ending at nucleotide position 1401 (E. coli numbering). 
The recipe of the PCR reaction mix valid for each sample and information on the 
function of each component are introduced in Table A.4. In addition, details of the 
temperature programming of the thermocycler are given in Table A.5. Before 
proceeding with the downstream application, size and quality of the amplicons were 
checked by loading 5 µL form each amplicon on 1% (w:v) agarose gel, 
electrophoresing in 1xTAE buffer for 20 min at 100 volt against a DNA ladder 
(GeneRulerTM 100bp DNA Ladder Plus, MBI Fermentas, Lithuania), staining with 
ethidium bromide and capturing the image of the gel using a transilluminator (GelDoc 
2000, BioRad) equipped with a camera. 
4.4.3 Denaturing Gradient Gel Electrophoresis (DGGE) of the PCR Amplicons 
A brief description of the DGGE technique was previously provided in Chapter 2, 
Subsection 2.8.1. The protocol provided by Muyzer et al. (1996) was followed with 
slight modifications for all applications. As stated earlier, DGGE procedure was 
employed in this study as a down-stream application for monitoring the bacterial 
population shifts in each reactor and also for comparative evaluation of the reactors 
in terms of their community profiles. For that purpose, two aliquots of 8% 
polyacrylamide gel (PAG) stock solutions, one with 0% denaturing property, and the 
other with 100% denaturing property thus containing 7 M urea (Table A.3) and 40% 
(v:v) formamide (Table A.3), were prepared from commercially available 40% 
acrylamide/bis solution (Table A.3). Glycerol (Table A.3) was also added to the 
solutions. From these stock solutions, working aliquots with 38% and 55% 
denaturing capacity, optimum for the resolution of the desired DGGE bands, were 
prepared. Right before pouring the gel, 10% ammonium persulfate (Table A.3) 
Sigma, 231-786-5) and TEMED (Table A.3) were added to the working solutions, to 
catalyze polymerization. The PAG was casted (DCode System, BioRad, Hercules, 
CA) by the help of the gradient delivery system, from which the working solutions 
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were gradually pumped into the casting sandwich assembly with a flow-rate of 4 
mL/min, providing a denaturing gradient ranging from 55% to 38% (bottom to top). 
Gelbond® PAG film (Table A.3) was placed on the rear glass plate of the casting 
sandwich assembly prior to casting, to physically support the polymerized gel and to 
allow ease in handling the gel after electrophoresis. 
After loading 10 µL of PCR products to the polymerized PAG, electrophoresis was 
performed first at 200 Volts for 5 min, then at 85 Volts for 16 hours in 1xTAE buffer. 
Electrophoresis temperature was 60oC. By completion of electrophoresis, the gel 
supported by Gelbond® PAG film was removed from the casting assembly and 
silver-stained, following the protocol given by Sanguinetti et al. (1994).  
Image of each DGGE gel was captured by scanning with an ordinary scanner. Then 
the image was transferred to an image-analysis program (ImagePro Plus, V4.0, 
Media Cybernetics) and processed by using the basic features of the software to 
prepare the presence-absence data matrix including the presence-absence 
information of each individual band seen on the gel on each lane (each one 
representing the microbial diversity at a particular day). The presence-absence data 
for the entire gel was then transferred to another image analysis program 
(Treeconw; van de Peer and de Wachter, 1994) providing the features to process 
the data in preparative steps of “distance estimation”, “infer tree topology”, and 
“rooting the unrooted trees”, and eventually to transform the processed data into a 
phylogenetic-tree, unveiling the phylogenetic relatedness of the microbial community 
on a particular day to that on the others.  
4.4.4 Fluorescent In Situ Hybridization (FISH) 
SSU or LSU rRNA targeting oligonucleotide probes were used in FISH experiments 
to determine composition of the microbial communities, the relative abundancy of 
Proteobacterial sub-classes, the presence and relative abundances of PAOs and 
GAOs in the reactors, and to monitor populations shifts during the course of reactor 
operation. List of the oligonucleotide probes used in this study is given in Table 4.4, 
together with some important information on the probes and hybridization 
conditions. Sensitivity, specificity, and total coverage of the probes targeting the 
higher taxa are provided in Table A.6. For total cell counts, counter-staining with 
DAPI (4’,6’-diamidino-2-phenylindole hydrochloride), a DNA-specific fluorochrome 
fluorescing blue when attached to DNA (Coleman, 1980; Porter and Freig, 1980), 
was applied in all hybridization experiments. The protocol suggested by Amann 
(1995) was followed in all FISH experiments. 
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The formaldehyde- or ethanol-fixed biomass samples were loaded on gelatin-coated 
slides with 6 or 10 wells (see Appendix A, Section A.7 for slide coating procedure), 
air-dried for 10 min (room temperature) and heat-dried for another 10 min at +46oC, 
then dehydrated by successive passage through 50%, 80%, and 98% ethanol baths 
(3 min each), and dried either at room temperature or at +46oC. Details of the 
immobilization procedure are provided in Appendix A, Section A.8. 
It was crucial to determine a formamide concentration optimum for all the probes to 
be used, yet providing maximum stringency for the hybridization reaction carried out 
with the probe targeting the lowest taxa. Considering that the probes targeting the 
lowest taxa in this study were the ones specific for the PAO- and GAO-clusters 
(Table 4.4), a formamide concentration of 35% was applied in all hybridization 
experiments. The recipes for hybridization buffer with 35% formamide, the 
corresponding wash buffer, and the humidity chamber buffer are given in Table A.7. 
Instead of formamide used in the hybridization buffer, EDTA was included in the 
wash buffer. NaCl concentration was also considerably lower in the latter. Humidity 
chamber buffer, which was used to create a humid environment during the 
hybridization and washing steps employed at +46 and +48oC, respectively, was 
prepared without formamide but with the salt concentrations same as of the 
hybridization buffer. Preparation of the abovementioned buffers are described in 
details in Appendix A, Section A.9. 
For most of the probes selected for this study, a loading value of 1 µL of 25-50 
ng/µL per reaction was given in the literature (Kawaharasaki et al., 1999; Bond et al. 
1999; Crocetti et al., 2000). Thus, working dilutions with a fixed concentration of 50 
ng/µL, were prepared for each probe. The list of probes and the recipe for their 
working dilutions are given in Table A.8. Hybridization-, washing-, and preservation-
steps are summarized below, but the detailed protocols employed for these steps 
can be found in Appendix A, Section A.10. 
8 µL of hybridization buffer was added to each well of the FISH slides, where fixed 
samples were immobilized previously and 1 µL of probe was pipetted and mixed 
with the hybridization buffer on the wells. The loaded slides were placed inside the 
humidity chamber (temperature already stabilized at +46oC) and hybridization was 
executed at +46oC for a total of 2 hours. During the last 20 min of hybridization, the 
samples were counter-stained with DAPI (2 µL of 70 ng/µL DAPI solution added to 
each well). By the end of the hybridization time and after washing the wells with ddI 
water, 20 µL of wash buffer was added to each well, slides were put back into the 
humidity chamber, incubated at +48oC for 20 min, rinsed with ddI water, air-dried 
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(room-temperature) in dark. Approximately 10 µL of an anti-fading agent (Citiflour) 
was added to each well to help decrease fading of fluorescent dyes, the slides were 
covered with cover slips, and the samples were preserved at -20oC, in dark, until 
analyses with CLSM.  
All whole-cell hybridization experiments were executed at least as dual 
hybridizations, during which EUB338Mix probe, usually labeled with Cy5, was used 
together with either a sub-class- or a cluster-specific probe, labeled with another 
fluorochrome (Cy3 most of the time). Together with DAPI-staining, this was required 
for quantification purposes. Further information on dual- and triple hybridizations can 
be found in Appendix A, Section A.11.  
Auto-fluorescence potential of the biomass samples were checked via applying 
hybridization without the probes but with DAPI. “Positive control” reactions were also 
employed to check whether the purchased PAO-specific and GAO-specific probes 
were working properly. Details for these “control reactions” are given in Appendix A, 
Section A.12.  
To improve specificity of the BET42a and GAM42a probes, differing from each other 
with only one nucleotide (Table 4.4; nucleotide 11 from 5’-end of probe sequence 
and position 1037, E.coli numbering, on the target-site), an unlabeled competitor 
oligonucleotide was added, as recommended in the literature (Manz et al., 1992). 
Thus, in all FISH experiments carried out with Cy3-labeled BET42a probe, equal 
amount of unlabeled GAM42a probe was added, and vice versa. A diagnostic 
hybridization was also carried out for specificity cross-check. For that purpose, 
BET42a probe was applied to a formaldehyde-fixed sample of Stenotrophomonas 
nitritireducens (DSM12576, a pure culture of bacteria belonging to γ-Proteobacteria 
lineage), and GAM42a was applied to a formaldehyde-fixed sample of Ralstonia 
metallidurans (DSM2839, a pure culture of bacteria belonging to β-Proteobacteria 
lineage).  
4.4.5 Visualization of the FISH results by CLSM and quantification 
A fully-motorized Confocal Laser Scanning Microscope (Zeiss LSM 510 META, Carl 
Zeiss, Jeve, Germany) equipped with an Argon-ion laser (450-514 nm), two 
Helium/Neon lasers (543 nm and 633 nm), a UV-laser (364 nm), and a monochrome 
CCD camera connected to a PC, was used to visualize the results of the FISH 
experiments. Being the most detrimental laser, UV-laser was spared for excitation of 
DAPI, the strongest fluorochrome. Cy3 and Cy5 were excited with He/Ne1 (543 nm) 
and He/Ne2 (633 nm) lasers, respectively. For each well examined, a representative 
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optical section was selected and sacrificed for employing the initial adjustments with 
UV-Laser, which caused the emissions from the fluorescently-tagged probes fade 
very quickly, thus “burning” the sample. In order to minimize the fading effect in 
general, the CLSM work was carried out in dark at all times and a least damaging 
sequence of laser application was followed via using first He/Ne2 laser (for Cy5), 
then the He/Ne1 laser (for Cy3), and finally the UV-laser (for DAPI), during the 
visualization of the results of dual- and triple-hybridization experiments. Two 
different objectives, being Plan-Neofluar 100x /1.3 Oil, (Zeiss, Jeve, Germany) and 
Plan-Apochromat 63x /1.4 Oil DIC (Zeiss, Jeve, Germany), were used for 
epifluorescence and laser applications, respectively.  
All quantitative hybridization experiments were employed in duplicates, meaning two 
wells on each slide were assigned for one reaction. Auto-fluorescence check was 
carried out for each biomass sample in each individual hybridization experiment by 
examining the blank under all laser-excitations. After an extensive preliminary 
observation work of diagnostic FISH experiments, a subjective/manual but a 
methodic procedure was developed to asses the observation results. A “morphotype 
chart”, including all of the morphotypes observed with the diagnostic experiments, 
was prepared to help record the presence and abundance of different morphotypes 
in the actual FISH reactions. A “relative scoring chart” between 1 and 5 (<1 for 
occasional presence in significantly small amounts, and >5 when most of the 
detected signals were originating from a single probe) was used as the basis for 
evaluation of the FISH results and for manual-quantification of the relative 
abundancy of the targeted organisms.  
Quantification of the signals from each probe was not only relative to total cell 
counts (counter-staining with DAPI) and bacterial signals (originating from 
hybridization with EUBMix-Cy5; both applied together with each individual probe), 
but also relative to the intensities of the signals from the other probes of the same 
phylogenetic-level, detected for the same biomass sample at different wells. For 
each well, digital pictures of 10-20 optical sections, which were concluded to be 
representative for the whole observation area, were captured. Overlay of the signals 
from probes with different hierarchical-specificities (i.e., signals from BET42a-Cy5 
and PAOMix-Cy3, or from GAM42a-Cy5 and GAO989-Cy3) were also recorded to 
confirm the phylogenetic lineage traits of the hybridized cells. A template sheet 
prepared as a check-list for the whole-cell hybridization experiments and used for 
recording the observations for quantitative purposes can be seen in Figure A.1.  
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4.5 Conventional Microbiological Analyses for Morphological and 
Phenotypic Characterization 
The EBPR biomass cultivated in ARC_ITU was subjected to conventional 
microbiological analyses to determine the morphological and phenotypic 
characteristics of the microbial populations comprising the overall microbial 
community, and also to evaluate the general biomass texture with regard to aerobic 
granulation. Wet samples were prepared from the mixed liquor samples collected 
occasionally from the reactor and were studied via bright-field microscopy to 
determine the general biomass texture and also to observe and record the presence 
of the eukaryotic microorganisms, like different types of protozoa, in the biomass 
samples. Several thin-smear samples were prepared and processed for 
morphological and phenotypic characterization of the EBPR biomass. A light-
microscope (Olympus BX60) equipped with a diagnostic camera (SPOT RX), all 
connected to a PC, was used for the analyses of all biomass samples. Digital 
images for the samples of significance were captured by the CCD-cam and the 
micrographs were initially processed with SPOT Advanced Software, and finally in 
Adobe Photoshop. As stated previously, the digital images produced for the 
evaluation of the general biomass texture of the EBPR biomass with regard to 
aerobic granulation were further processed with an image analysis software 
(ImagePro Plus, V4.0, Media Cybernetics) to determine the size and distribution of 
the granules cultivated in the system.  
To evaluate the ARC_ITU biomass in terms of morphological and phenotypic traits, 
especially characteristic for the EBPR phenomena, the reactor was sampled at 
different occasions corresponding to different operational conditions and EBPR 
efficiencies. Since EBPR phenomena are characterized by cycling of the 
intracellular storage materials between anaerobic and aerobic periods, thus resulting 
in significantly different amounts of stored polymers by the end of these periods, 
several mixed liquor samples were collected both from the end of the anaerobic- 
and from the end of the aerobic-periods of reactor operation for qualitative 
evaluation. For detection and visualization of the intracellular storage materials, 
chemical staining procedures were applied to thin smear samples fixed on glass 
microscope slides. The thin smear samples were gently but quickly fixed by heat-
treatment to avoid consumption and/or production of storage polymers prior to 
staining reactions.  
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Although not specific for poly-P, but has been widely used for microscopic 
evaluation of EBPR biomass (see also Chapter 3, Section 3.3 for further details), 
Neisser’s staining (Methylene Blue and Crystal Violet for staining, and Bismark 
Brown for counter-staining) was applied for the determination of the intracellular 
metachromatic, volutin poly-P granules. The staining solutions used in Neisser 
reactions were prepared according to the following recipes: Solution-I consisting of 
two parts of Solution A (0.1 g Methylene Blue dissolved in 5 mL of 95% ethanol and 
5 mL of glacial acetic acid, added to 100 mL of dI water) and one part of Solution B 
(0.1665 g Crystal violet dissolved in 5 mL of 95% ethanol and added to 50 mL of dI 
water to give a 10% [w:v] solution). Solution-II consisting of 1% [w:v] counter-
staining solution (0.333 g Bismark Brown dissolved in 100 mL of dI water). 
To visualize the lipophilic cellular inclusions, mainly the PHBs, samples were treated 
with Sudan Black B (staining PHB), and then with Safranin O (counter-staining) (see 
also Chapter 3, Section 3.3 for further details). The staining solutions used in PHB-
staining reactions were prepared according to the following recipes: Solution-I 
consisting of 0.3% [w:v] PHB-stain (0.3 g Sudan Black B (IV) dissolved in 100 mL of 
ethanol). Solution-II consisting of 0.5% [w:v] counter-stain (0.5 g Safranin O 
dissolved in 100 mL of dI water). 
All the chemical staining reactions were carried out in accordance with the 
procedures provided by Jenkins et al. (1993). In the course of the study, a slightly 
modified staining procedure to combine the Gram staining and Neisser staining 
procedures was carried out, to clarify some obscure points observed in the poly-P 
and PHB staining experiments. For that purpose, individual samples were treated 
first for Gram reaction in accordance with the procedure given by Jenkins et al. 
(1993), micrographs of these samples were captured, then the same samples were 
destained with 95% ethanol, for an excessive time, to get rid off the Safranin in the 
Gram(-) cells, as well as the Crystal violet-Iodine complex trapped inside the thick 
peptidoglycan layers of the Gram(+) cells. This was followed by regular Neisser 
staining. The resulting images were recorded again, trying to capture the very same 
observation area. The results of the morphological and phenotypic characterization 
of the biomass cultivated in ARC_ITU, as well as those of the general biomass 
texture with regard to aerobic granulation, are presented in Chapter 6, Subsection 
6.3. 
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5. RESULTS AND DISCUSSIONS-I 
5.1 Aerobic Granulation in the Acetate-Fed Reactor 
5.1.1 Hydrodynamic shear rate calculations 
Reactor geometry, recipe for concentrated feed and resulting influent composition, 
as well as inoculation and start-up strategies for the acetate-fed reactor (ARC_TUM) 
were provided in Chapter 4, Subsection 4.1.1. A photograph of ARC_TUM and the 
schematic presentation of reactor operation with sequential periods during one 
typical cycle were given in Figures 4.1 and 4.2. As previously mentioned in 
Subsection 4.1.2, changes in several operational conditions were applied during the 
course of the study, as the main strategies to initiate, maintain, and enhance aerobic 
granulation in the reactor. The details of all the changes in operational settings will 
be presented in the following subsection to provide ease in evaluation of the results 
in relevance with the influence of the applied operational changes. However, one 
point needs clarification prior to proceeding: level of hydrodynamic shear stress 
applied to the biomass in ARC_TUM. 
Superficial upflow air velocity (vS in literature and from this point forward termed as 
vSair; cm/s) is the most frequently reported parameter of shear stress in aerobic 
granular biomass literature and application of a high vSair value equal or higher than 
2 cm/s (Beun et al., 2000; Tay et al., 2001a; Beun et al., 2002; Tay et al., 2004; 
Zheng et al., 2005) has been considered an optimum level of hydrodynamic shear 
force to facilitate aerobic granulation and provide structural stability. Minimum level 
of hydrodynamic shear force to support granulation was reported to be 0.87 cm/s 
(Wang et al., 2004) or 1.2 cm/s (Tay et al. 2001a). 
However, as stated previously in Subsection 2.3.1.1, factors other than aeration 
might have significant contribution to the total shear stress that the biomass 
experience in an engineered system. Some of the shear-causing factors can be 
listed as recycling of the off-gas in fully aerobic systems for DO level control, upflow 
velocity of an inert gas (i.e., N2) used to purge reactor content to provide anaerobic 
conditions prior to aeration, presence of a down-comer unit -like in a sequencing 
batch airlift reactor (SBAR), causing high local shears-, providing mixing conditions 
via mechanical mixing, etc. Till now, superficial upflow air velocity (vSair) has been 
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the only quantified component of shear stress in aerobic granular biomass literature, 
at least in the studies reviewed in this current PhD dissertation, and only a few 
researchers mentioned, yet without any quantification, the contribution from shear-
causing factors other than vSair, i.e., strong shear due to mechanical mixing 
(Dangcong et al., 1999), or local shears due to the presence of a down-comer unit in 
SBAR-type configuration (Beun et al., 2000 and 2002; de Kreuk and van 
Loosdrecht, 2004; de Kreuk and de Bruin, 2004; de Kreuk et al, 2005a). It is 
suggested here that when investigating the influence of hydrodynamic shear stress 
on the initiation, formation, and structural stability of aerobic granular biomass, it is 
more accurate to consider the combined effect of all relevant conditions with a 
significant contribution to the overall shear stress. Concurrently and remembering 
that mechanical mixing was applied in ARC_TUM operation, during the anaerobic- 
and/or aerobic-phases, as presented previously in Table 4.2, it was required within 
the framework of this current study to take into account the shearing rates due to 
mechanical mixing, in addition to the rate due to superficial upflow air velocity. The 
relevant parameters used and the calculatory procedure followed for determining the 
shear stress rates due to superficial upflow air velocity (vSair; cm/s) and mechanical 
mixing (vSMix; cm/s), as well as contribution of these to the roughly estimated overall 
shear stress (vSTR; cm/s) that the biomass in ARC_TUM experienced during the total 
react time (TReact; h) are described and presented below.  
First the Reynold’s number NR (unitless), at least due to mechanical mixing, was 
calculated by using the formula given in Eq. (5.1), to confirm that the flow regime in 
the reactor was a turbulent one (NR> 10,000), and thus to proceed with the turbulent 
shearing calculations.  
µ
ρnPd
RN
××
=                    (5.1) 
where dP = diameter of the impeller used in mechanical mixing = 0.1 m,  
n = rotational speed of the mechanical mixer (revolution/s):  
between Day1-95; mixing at 310 rpm = 5.17 revolution/s, 
between Day95-163; mixing at 240 rpm = 4.0 revolution/s, 
ρ = density of water (at 20oC and atmospheric pressure) = 998.2 kg/m3 
µ = dynamic viscosity of water (at 20oC) = 1.002*10-3 N.s/m2 (or kg/m.s) 
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NR calculated for the operational period between Day1-95 was approx. 51,500 and 
that for the period between Day95-163 was approx. 40,000; both being higher than 
10,000 and showing that the flow regime, even only due to mechanical mixing, was 
turbulent.  
Then, the velocity gradient G (1/s) was chosen as the measure of shear in the 
turbulent regime. Considering that more power input (P; Watt or N.m/s) yields higher 
turbulence resulting in better mixing, the power input per unit liquid volume was 
used as a rough measure of mixing effectiveness in the reactor. The general relation 
established between the velocity gradient G and power requirement/input P (Metcalf 
and Eddy, 2003; p349; Mikkelsen and Keiding, 2002; and the reference therein) and 
given in Eq. (5.2) was used to calculate average velocity gradients in the SBR. 
Vµ
P
G ×=                     (5.2) 
where G = average velocity gradient for turbulent shear rates (1/s), 
P = power requirement / input (Watt or N.m/s, thus kg.m2/s3) 
µ = dynamic viscosity of water (at 20oC) = 1.002*10-3 N.s/m2 (or kg/m.s) 
V = reactor volume = 6 L = 0.06 m3 
The turbulence caused by rising air bubbles, thus the pneumatic mixing due to 
application of different degrees of aeration (increased Qair values, or in other words 
increased vSair values) during the entire course of reactor operation were calculated 
for each condition using the formula relating power input (Pair) with air flow-rate and 
air pressure (Metcalf and Eddy, 2003; p361) as seen in Eq. (5.3), and corresponding 
velocity gradient values, Gair, were calculated via substituting the calculated Pair 
values in Eq. (5.2).  


 +××=
10.33
10.33h
lnairQKairP                  (5.3) 
where Pair = power dissipated due to aeration (kWatt or kN.m/s), 
K = constant = 1.689, 
Qair = air flow rate at atmospheric pressure (m3/min), see Table 5.1 for the 
values varied during the course of the study, 
h = air pressure at the point of discharge expressed in meters of water (m); 
taken as equal to the height of water column starting from the diffuser at 
the bottom of the reactor ending at the bulk-liquid surface = 0.195 m 
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(ignoring the head-losses between the outlet of the air-flow-meter and 
the discharge point, and those due to porous structure of the diffusers) 
Considering that the inertial forces are the predominate ones in turbulent flow 
regimes, and based on the impact of inertial and viscous forces, the power input 
values due to application of different degrees of mechanical mixing (Pmix) were 
calculated using the formula given in Eq. (5.4), relating Pmix values to impeller 
characteristics and mixing speed (Metcalf and Eddy, 1991; p216). Corresponding 
velocity gradient values, Gmix, were calculated via substituting the calculated Pmix 
values in Eq. (5.2). 
5
Pd
3nρPNMixP ×××=                   (5.4) 
where PMix = power input due to mechanical mixing (Watt; kg.m2/s3) 
NP = power number for impeller (unitless);  
the impeller used for mixing was an axial-flow, pitched (32o) blade 
impeller, with 4-blades, moderate shear and moderate pump capacity 
characteristics, thus the power number = 1.1 (Metcalf and Eddy, 2003; 
p354), 
ρ = density of water (at 20oC and atmospheric pressure) = 998.2 kg/m3, 
n = rotational speed of the mechanical mixer:  
between Day1-95; mixing at 310 rpm = 5.17 revolution/s, 
between Day95-163; mixing at 240 rpm = 4.0 revolution/s, 
dP = diameter of the impeller used in mechanical mixing = 0.1 m  
Pumping capacities (Qi) of the mechanical mixer contributing to turbulent mixing 
were calculated via using the equation relating the pumping input of the mechanical 
mixer with the impeller characteristics and mixing speed (Metcalf and Eddy, 2003; 
p354), as seen in Eq. (5.5).  
3
PdnQNiQ ××=                    (5.5) 
where Qi = pump discharge (input) for mixing (m3/s), 
NQ = flow number for impeller (unitless);  
for the 4-blades pitched (32o) impeller used for mixing the flow number  
= 0.85 (Metcalf and Eddy, 2003; p354), 
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dP = diameter of the impeller used in mechanical mixing = 0.1 m  
The shearing rates due to different degrees of aeration, in other words varying 
superficial upflow air velocity values, vSair (cm/s), were calculated in accordance with 
Eq. (5.6), relating the parameter with the applied air flow-rates (Qair). Likewise, the 
shearing rates due to different pump capacity values, in other words varying 
superficial velocity values due to mixing, vSMix (cm/s), were calculated using the 
formula (Metcalf and Eddy, 2003; p359) seen in Eq. (5.7), relating the latter with the 
pump discharge values (Qi).  
/42Dπ
airQ
A
airQ
Sairv ×
==                   (5.6) 
/42Dπ
iQ
A
iQ
SMixv ×
==                   (5.7) 
where A = cross-sectional area of ARC_TUM = 0.028357 m2 
D = internal reactor diameter for ARC_TUM = 19 cm = 0.19 m 
Power dissipation-, velocity gradient-, and shear rate-values due to mechanical 
mixing (PMix, GMix, vSMix) and aeration (Pair, Gair, vSair) were calculated, via following 
the abovementioned procedure, for all stages of reactor operation under varying 
conditions. These values are presented in Table 5.1; 
where TMix = duration of mechanical mixing (h), 
TAer = duration of aerobic phase (h); 
Treact = sum of duration of the anaerobic (TAnaer) and aerobic (TAer) phases,  
in other words total cycle time (TC) excluding durations of feeding (TF), 
settling (TS), effluent withdrawal (TW), and idle (TI) phases.  
 
 
 
 
16
5
165
Ta
bl
e 
5.
1:
 A
R
C
_T
U
M
 / 
H
yd
ro
dy
na
m
ic
 S
he
ar
 S
tre
ss
 C
al
cu
la
tio
ns
: A
bs
ol
ut
e 
V
al
ue
s 
fo
r P
ow
er
 D
is
si
pa
tio
n,
 V
el
oc
ity
 G
ra
di
en
ts
, a
nd
 S
he
ar
 R
at
es
 
du
e 
to
 M
ec
ha
ni
ca
l M
ix
in
g 
an
d 
Ae
ra
tio
n 
A
R
C
-T
U
M
: 
Po
w
er
 In
pu
t a
nd
 S
he
ar
 d
ue
 to
 M
ix
in
g 
Po
w
er
 In
pu
t a
nd
 S
he
ar
 d
ue
 to
 A
er
at
io
n 
To
ta
l P
ow
er
 In
pu
t a
nd
 T
ot
al
 S
he
ar
 o
ve
r 
To
ta
l R
ea
ct
 T
im
e 
 
 
T M
ix
 
P M
ix
 
G
M
ix
 
Q
I 
v S
M
ix
 
T A
er
 
Q
ai
r 
P a
ir 
G
ai
r 
v S
ai
r 
T R
ea
ct
 
Px
T 
G
xT
 
v S
TR
xT
R
ea
ct
 
St
ag
e 
D
ay
s 
h 
W
at
t 
1/
s 
L/
h 
cm
/s
 
h 
L/
h 
W
at
t 
1/
s 
cm
/s
 
h 
h.
W
at
t 
h.
1/
s 
h.
cm
/s
 
I-I
 
1-
22
 
5.
25
 
1.
51
 
50
2 
15
81
0 
15
.5
 
3.
25
 
25
0 
0.
13
 
14
8 
0.
24
 
5.
25
 
8.
38
 
31
18
 
82
.1
 
I-I
I 
22
-3
5 
5.
67
 
“ 
“ 
“ 
“ 
3.
67
 
“ 
“ 
“ 
“ 
5.
67
 
9.
06
 
33
89
 
88
.7
 
I-I
II 
35
-4
2 
“ 
“ 
“ 
“ 
“ 
“ 
50
0 
0.
26
 
20
9 
0.
49
 
“ 
9.
55
 
36
14
 
89
.6
 
I-I
V
 
42
-6
4 
5.
75
 
“ 
“ 
“ 
“ 
3.
75
 
“ 
“ 
“ 
“ 
5.
75
 
9.
69
 
36
73
 
90
.9
 
I-V
 
64
-7
7 
“ 
“ 
“ 
“ 
“ 
“ 
“ 
“ 
“ 
“ 
“ 
“ 
“ 
“ 
I-V
I 
77
-8
6 
“ 
“ 
“ 
“ 
“ 
“ 
18
00
 
0.
95
 
39
7 
1.
76
 
“ 
12
.2
6 
43
78
 
95
.7
 
II-
I 
86
-9
5 
2 
“ 
“ 
“ 
“ 
“ 
“ 
“ 
“ 
“ 
“ 
6.
58
 
24
94
 
37
.6
 
II-
II 
95
-1
27
 
“ 
0.
70
 
34
2 
12
24
0 
12
.0
 
“ 
“ 
“ 
“ 
“ 
“ 
4.
96
 
21
73
 
30
.6
 
II-
III
 
12
7-
16
3 
“ 
“ 
“ 
“ 
“ 
“ 
50
0 
0.
26
 
20
9 
0.
49
 
“ 
2.
39
 
14
69
 
25
.8
 
 166
As mentioned previously in Chapter 4 (Table 4.2), for the first 86 days of reactor 
operation -corresponding to the first half of the study (Stage-I)-, mechanical mixing 
was applied both at the anaerobic- and aerobic-phases, summing up to the entire 
react time (TReact). The shear rate during the anaerobic phase was only due to 
mechanical mixing and the values of power input, velocity gradient, and shear rate 
for the anaerobic phase (PAnaer, GAnaer, vSAnaer) were equal to the ones calculated for 
mechanical mixing (PMix, GMix, vSMix) (Tables 5.1-5.2). On the other hand, during the 
aerobic phase, the biomass in ARC_TUM was subjected to power inputs, velocity 
gradients, and hydrodynamic shearing effects (PAer, GAer, vSAer) originating from both 
mechanical mixing (PMix, GMix, vSMix) and aeration (Pair, Gair, vSair). As seen in Table 
5.2 for the aerobic phase, the values originating from mechanical mixing (1.51 Watt, 
502 1/s, and 15.5 cm/s for PMix, GMix, and vSMix, respectively) were significantly higher 
than those originating from aeration (0.13-0.26-0.95 Watt, 148-209-397 1/s, and 
0.24-0.49-1.76 cm/s for Pair, Gair, and vSair, respectively), indicating that the system 
was under the dominant influence of mechanical mixing.  
Even if contribution from aeration was not taken into account, the level of shear 
stress that the biomass experienced during the aerobic phase (TAer; i.e., 3 h 45 min) 
was as high as that it experienced during the anaerobic phase (TAnaer; 2 h). Ignoring 
the low values originating from aeration, values of the shear-related parameters for 
the anaerobic and the aerobic phases were at the same level (for both phases; due 
to mechanical mixing), thus it was possible to determine the minimum values of 
power input, velocity gradient, and shear rate being valid during the total react time 
(PTR,min, GTR,min, and vSTR,min) as at least equal to those calculated for mechanical 
mixing (PMix, GMix, and vSMix). For instance, the shear rate exerted on the biomass in 
ARC_TUM during the entire react time (TReact; i.e., 5 h 45 min) was concluded to be 
at least 15.5 cm/s, if not higher due to contribution from aeration. Values of all 
corresponding parameters computed via following the calculatory procedure and 
determined with the abovementioned approximation are given in Table 5.2. Based 
on the results presented in Table 5.2, the first 86 days of reactor operation was titled 
as “Stage-I: Reactor Operation under Extreme Shearing Conditions”. 
During the last section of Stage-I (Table 5.2; Stage-I-VI), the flow-rate of air 
introduced to the system for aeration was as high as 1800 L/h. The resulting 
superficial upflow air velocity (vSair) value was 1.76 cm/s and this was very similar to 
the one applied in ColPRC (see also Subsection 5.3.1), and also quite close to 2 
cm/s; the vS value which has been reported in the aerobic granular biomass 
literature to be sufficient for creating hydrodynamic shearing conditions optimum to 
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favor hydraulic selection pressure-induced aerobic granulation. Thus, for the second 
half of the study (Stage-II), it was decided to change operational configuration of 
ARC_TUM to maintain mixing conditions during the aerobic period only through 
introduction of air to the system. For that purpose, as stated in Chapter 4, the PLC 
was re-programmed on the 86th day of reactor operation to stop the mechanical 
mixer after 2 hours of anaerobiosis at the head of each cycle. With this new 
configuration, it was possible to avoid extreme shearing conditions originating from 
mechanical mixing during the aerobic phase, while securing a hydraulic selection 
pressure, in terms of superficial upflow air velocity (vSair), optimum to initiate and 
maintain aerobic granulation. However, considering the total react time, aeration (for 
3 h 45 min) was not the only source of hydrodynamic shear stress, since the reactor 
content was being mixed by the mechanical mixer during the 2 h-anaerobic phase 
prior to the start of aeration. Thus the biomass in ARC_TUM was experiencing a 
considerably high level of shear stress (due to mechanical mixing) during approx. 
one-thirds of total react time (TAnaer/TReact = 2 h / 5.75 h), and an decreased level of 
shear stress (due only to aeration) during the subsequent two-thirds of the total 
react time (TAer/TReact = 3.75 h / 5.75 h) (Table 5.2).  
Although not exact, the values of shear-related parameters during the total react 
time were roughly estimated from the values calculated for the anaerobic and 
aerobic phases, taking into account the duration of these phases and normalizing to 
the total react time. This calculatory procedure is exemplified for the shear rate 
below in Eq. (5.8).  







 ×+×=
ReactT
AerT
SAerv
ReactT
AnaerT
SAnaervSTRv               (5.8) 
The resulting rough values of PTR, GTR, and vSTR, for Stage-II are given in brackets in 
Table 5.2. Similar rough estimations for the total react time were also carried out for 
Stage-I, and the calculated overall values are also presented in brackets in Table 
5.2. Changes in power input (P) and velocity gradient (G) values due to mechanical 
mixing during the anaerobic and aerobic phases and due to aeration during the 
aerobic phase are visually presented in Figure 5.1 for the entire course of the study. 
To visually present the % distributions during the total react time, changes in 
contribution of mixing during the anaerobic and aerobic phases, and aeration during 
the aerobic phase to the roughly estimated values for the total react time are also 
plotted in Figure 5.1 for P and G parameters.  
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Similar to Figure 5.1, changes in shear rates due to mechanical mixing during the 
anaerobic- and aerobic-phases and due to aeration during the aerobic phase are 
graphed in Figure 5.2 for the entire course of the study. Changes in contribution of 
mixing during the anaerobic and aerobic phases, and aeration during the aerobic 
phase to the roughly estimated shear stress values for the total react time are also 
given in the same figure to visually present the % distributions during the total react 
time.  
As stated previously and on the basis of level of values calculated for each set of 
operational conditions applied during the first 86 days, the corresponding stage was 
titled as “Stage-I: Operation under Extreme Shearing Conditions”. For the second 
half and again in comparison with the aerobic granulation literature, the shear rates 
roughly estimated as 6.5, 5.3, and 4.5 cm/s (for Stages II-I, II-II, and II-III, 
respectively) were higher than those reported in the literature, yet in the same order 
of magnitude (i.e., vS values -due only to aeration- of 4.1 cm/s reported by Tay et al., 
2003; 3.6 cm/s reported by Tay et al., 2001a and 2004; see also Chapter 2, sections 
2.5.2 and 2.6 for detailed review of these works). Concurrently, the operational 
period for ARC_TUM between D86 and D163 was titled as “Stage-II: Operation 
under Decreased Shearing Conditions”. 
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ARC_TUM: Shear rates due to anaerobic mixing, aerobic mixing, 
aeration, and roughly estimated overall shear rate
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Figure 5.2: ARC_TUM: Shear rates during the anaerobic phase (due to mixing) and 
aerobic phase (due to mechanical mixing and/or aeration), and overall values 
roughly estimated for the total react time: Upper panel: absolute values; lower panel: 
% contribution. 
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5.1.2 Changes in operational parameters  
The hydraulic selection pressure parameters selected to be altered during the 
course of the study were operational settling time (TS; min) and shear stress (vSTR; 
cm/s). The first strategy was to gradually decrease the TS value; an application 
known to support initiation of aerobic granulation via imposing an indirect selective 
pressure, causing the slowly-settling suspended/floccular biomass to be washed out 
of the reactor and favoring the selection of biomass particles/aggregates with 
settling velocities higher than operationally defined vmin (cm/min) values, thus 
retaining them in the system (see Subsections 2.3.1.2 and 2.5.1 for general and 
comparative literature reviews on this issue, respectively).  
The second strategy was applying a considerably high hydrodynamic shear stress 
on the biomass. As previously stated, shearing force has been defined as one of the 
physical stresses exerted on biomass causing a shift from dispersive- to 
aggregative-physiology (see Subsection 2.3.2.1), and has been considered as the 
main hydraulic selection pressure parameter in aerobic granulation literature (see 
Subsections 2.3.1.1 and 2.5.2 for general and comparative literature reviews on this 
issue, respectively). Within the framework of this study and in accordance with the 
literature, hydrodynamic shear stress in terms of superficial up-flow air velocity (vSair) 
was gradually amplified via increasing the air flow-rate (Qair) applied to ARC_TUM 
(Table 5.1). In fact, the maximum Qair applied to ARC_TUM was selected to be as 
high as 1800 L/h, to ensure a vSair value in the system (1.76 cm/s) very similar to the 
one applied in ColPRC_TUM (1.71 cm/s; see also Subsection 5.3.1). 
Moreover, the hydrodynamic shear stress originating from mechanical mixing during 
the anaerobic- and/or aerobic-phases of reactor operation was also quantified as 
described in details in the preceding subsection, and the resulting overall shear 
rates roughly estimated for the total react time were also considered as the 
components of hydrodynamic shear rates exerted on the biomass cultivated in 
ARC_TUM. Evaluating the level of overall physical stress on the system for the first 
half of the study (Stage-I), the operational configuration of the SBR was altered for 
the second half (Stage-II) via limiting the temporal extent of mechanical mixing only 
to the anaerobic phase (Day86) and decreasing the speed of the mechanical mixer 
from 310 to 240 rpm (Day95), to avoid extreme conditions of hydrodynamic shear 
stress due to the dominating effect of mechanical mixing, and to determine the 
impact of relaxing the shear rate on initiation and progress of aerobic granulation in 
ARC_TUM (Tables 5.1 and 5.2).  
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To select for C-storing and slow-growing microorganisms, and thus to enhance 
aerobic granulation and suppress growth of fast-growing filamentous organisms, 
pulse-feeding was applied as a means of kinetic selection pressure. In combination 
with the pulse-feeding mode, the CODLoad was selected as 1.6 kg COD/m3.d, to 
provide a high initial substrate concentration to the biomass in the reactor (high 
Si/Xi), thus a substrate gradient; a strategy described to establish a feast/famine 
sequence needed for kinetic selection (See Subsection 2.3.2 for general discussions 
and Sections 2.6 and 2.7 for comparative literature review). 
As substantiated in the literature review of this current PhD dissertation (Chapter 2), 
the simultaneous occurrence of the feast- and famine-phases, when not balanced 
properly, is suggested to be disadvantageous in terms of selection of slow-growers 
and thus lowering the overall growth rates in a system. In order to prevent this 
disturbance and to create a discontinuity via genuinely separating the time when the 
external substrate is provided to the system and the time when growth takes place, 
an anaerobic phase of 2 h was applied at the beginning of each cycle of reactor 
operation. It was intended to achieve absolute elimination of the feast period via 
application of an anaerobic phase prior to the aerobic period. Together with 
supplying the biomass with ortho-P in the influent (at a COD:P ratio of 18.2 mg 
COD/mg PO4-P), the anaerobic phase at the head of the cycle was also applied as 
a measure of metabolic selection pressure in an attempt to select for slow-growing, 
anaerobically C-storing, and P-removing PAOs in the system (see Subsection 2.7.3 
for comparative literature review on these issues). 
All the changes in operational configuration and settings to maintain the 
abovementioned effects, as well as the hydraulic-, kinetic-, and metabolic-selection 
pressure related parameters kept constant during the entire course of the study are 
presented below in Table 5.3. 
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5.1.3 Indicative parameters selected to monitor progress of granulation  
The granulation parameters monitored in this study were SVI30 (and from this point 
forward termed as SVI), MLSS, MLVSS, size of granules (dgra), thus particle size 
distribution over time, aspect ratio, shape factor, cell surface hydrophobicity, and 
Extracellular Polymeric Substances (EPS) in terms of extracellular polysaccharides 
(ExoPS) and proteins (ExoPN). In environmental engineering applications, SVI is 
considered as a direct measure of sludge settleability. MLSS by itself is not an 
indicative parameter for granulation, yet monitoring changes in MLSS 
concentrations together with those in SVI values enables assessment of biomass 
compactness, which is an indicative parameter for granulation. Moreover, evaluation 
of biomass concentrations in a system together with the effluent quality could be 
used as an indirect measure of biomass compactness, and thus granulation.  
The MLSS and MLVSS profiles of the biomass maintained in ARC_TUM throughout 
the entire course of the study, as well as the concentrations measured in the effluent 
(ESS, EVSS) are presented below in Figure 5.3. In addition, SVI and MLSS values, 
monitored for a total of 163 days of reactor operation, are plotted together in Figure 
5.4 to visualize the course of changes in compactness and settling properties of the 
biomass cultivated in the reactor.  
5.1.4 Influence of hydraulic selection pressure parameters on biomass 
compactness and settling properties 
5.1.4.1 Stage-I: “Operation under extreme hydrodynamic shearing conditions” 
Stage I-I: (D1-22) 
During the first 22 days of reactor operation, ARC_TUM was operated with a TS 
value of 10 min. TS was kept relatively high at this stage to let the inoculum, 
perturbed due to transfer from a full-scale C-removing WWTP to the lab-scale 
reactor, adapt to the new physical and operational conditions, as well as to the new 
single C-source (acetate). Moreover, a 10 min-TS value was applied during the start-
up period to avoid extensive washout of the floccular seed biomass (initial values; 
SVI of 78 mL/g and 3400 mg MLSS/L, average flock size of 0.1 mm). Nonetheless, 
after fluctuating for the first 10 days, the floccular biomass started to be washed out 
of the reactor as evident by the continuously decreasing MLSS values (Figure 5.3). 
Meanwhile, there was a continuous and steep increase in the SVI values (Figure 
5.4), indicating that the biomass compactness and settling properties were 
deteriorating. 
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Figure 5.3: ARC_TUM: Biomass formation (upper panel) and effluent quality (lower 
panel). Pictures at the top visually demonstrate the progress of granulation. 
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Stages I-II and I-III (D22-35-42) 
On the 22nd day of reactor operation, TS was decreased from 10 to 5 min to impose 
an indirect selective pressure on the biomass in the direction of discarding the 
slowly settling floccular biomass from the system and retaining only particles with 
settling velocities higher than 2.2 cm/min (Table 5.3). As soon as the TS was 
decreased down to 5 min (Stage I-II), a sudden biomass washout was observed 
(Figure 5.3). An ESS value as high as 720 mg/L was recorded by the end of the first 
cycle. Right after this one-time severe washout, the decreasing trend of MLSS 
stopped and the biomass concentration in the reactor remained fairly constant at 
around 1000 mg/L for the following week (D22-30). Though, the SVI values 
continued to increase reaching to a value as high as 416 mL/g on Day28. The 
reactor was cleaned for the first time on Day29, and the biofilm growing on the walls 
of the reactor was removed. Next day, by the end of first month of operation, it was 
possible, for the first time, to see tiny granules by naked-eye inside the reactor 
(aver. dgra of 0.16 mm). Increasing Qair from 250 to 500 L/h, thus vSair from 0.24 to 
0.49 cm/s, while keeping the TS constant at 5 min (Stage I-II), did not result in a 
difference in MLSS. On the contrary, this caused a decrease in SVI, and the values 
fluctuated around 300 mL/g till the end of this stage (Figure 5.4). Remembering that 
the system was under the dominant shear-causing influence of mechanical mixing 
both during the previous- and the current-stages, resulting in overall shear rate 
values almost at the same high level (vSTR of 15.6 and 15.8 cm/s roughly estimated 
for Stages I-I and I-II, respectively; Table 5.3), the increase in vSair, and thus its 
influence on biomass characteristics was clearly negligible. 
Stage I-IV (D42-64) 
Lowering the TS from 5 to 3 min, thus increasing the vmin from 2.2 to 3.7 cm/min, 
while keeping the shear rate constant (Table 5.3), initially supported granulation, 
which had already became apparent on Day30, as revealed by the increasing MLSS 
and concomitantly decreasing SVI values for the first 10 days of this stage (Stage I-
IV) (Figure 5.4). The ESS values also increased during the same time interval. 
These observations indicated that the remaining floccular biomass was further 
washed out, while granulation proceeded in the reactor. Though, this was followed 
by a continuous decrease in MLSS, and concurrent increase in SVI values. Despite 
the average diameter of formed granules increased to 0.32 mm (Day64) at the 
second half of Stage I-IV, floccular biomass was also formed and eventually the 
reactor content became soupy, with a slimy biomass and a very turbid supernatant 
after settling.  
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Stage I-V (D64-77) 
TS was further decreased from 3 to 1 min on Day64 to favor retention of only the 
biomass aggregates with settling velocities higher than 11 cm/min, the (Table 5.3). 
Upon this alteration, MLSS values decreased continuously from around 1000 to 473 
mg/L. Meanwhile, the ESS values increased from around 100 to 200 mg/L, and 
combined with the concomitantly decreasing MLSS trend, these observations 
directly indicated that the biomass was steadily and extensively washed out of the 
reactor. Settling properties of the biomass in ARC_TUM were considerably poor 
both at the previous- and the current-operational stages (Stages I-IV and I-V, 
respectively), during which relaxed and moderate vmin values (3.7 and 11.0 cm/min, 
respectively) were applied while keeping the shear rate constant at an extreme level 
(Table 5.3). SVI values were significantly high during these stages, and did not follow 
a stable trend, but fluctuated within a wide range of 194-363 mL/g (Figure 5.4). 
Stage I-VI (D77-86) 
Increasing the shear rate due to aeration (vSair) from 0.49 to 1.76 cm/s (via 
increasing Qair from 500 to 1800 L/h; Table 5.3) did not have an additional influence 
on the response of the system. That is, similar to the response during the preceding 
stage of moderate vmin application, MLSS values continued to decrease for the next 
9 days until reaching to a value as low as approx. 80 mg/L on Day86. It was not 
possible to record SVI values during this period, since most of the biomass was 
washed out of the reactor. Extensive foaming already occurring in the reactor was 
amplified as soon as aeration was increased. The minimum ESS value during this 
stage was as high as approx. 100 mg/L. Consequently, almost total biomass-
washout was inevitable, since biomass washout frequency was almost 100% as 
revealed by the comparison of suspended solids values measured in the reactor 
content and in the effluent (Figure 5.3).  
Evaluation of the ESS values recorded during Stage-I substantiated the 
deteriorating impact of extreme shear rates not only on the biomass characteristics, 
but also on effluent quality out of the reactor. Significantly high ESS values were 
concluded to be due to the biomass particles sloughed from the surfaces of the 
granules or due to disintegration of biomass aggregates into smaller pieces, both 
resulting from application of extreme shearing conditions. These sloughed or 
disintegrated small particles were expected to appear in the effluent, contributing to 
the measured ESS values, since their settling velocities were very likely to be lower 
than the operationally-set vmin values. 
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5.1.4.2 Stage-II: “Operation under decreased hydrodynamic shearing 
conditions” 
Stage II-I (D86-95) 
Based on the observations and results obtained during the first main stage of 
reactor operation, it was concluded that the extreme level of hydrodynamic shear 
stress due to mechanical mixing, being dominant not only during the anaerobic 
phase, but also during the aerobic phase, had a significant deteriorating effect on 
biomass characteristics, and primarily prevented initiation and progress of aerobic 
granulation in the SBR. Thus, to avoid extreme shearing conditions originating from 
mechanical mixing (at least during the aerobic phase), and to evaluate the impact of 
relaxing the shear stress on initiation and progress of aerobic granulation, while 
continuing to apply a moderate vmin value (11 cm/min), the operational configuration 
of ARC_TUM was altered to limit mechanical mixing only to the anaerobic phase. 
This crucial operational change on Day86 enabled operating the reactor (Stage-II) 
under a hydrodynamic shear stress significantly lower than those applied at the 
previous half of the study (Stage-I) (Table 5.3). 
In addition to the abovementioned operational change on Day86, floccular EBPR 
biomass collected from the aeration (nitrification) tank of a full-scale BNR WWTP, 
was added to the reactor, following the contact-strategy described previously in 
Chapter 4, Subsection 4.1.1. MLSS values for the reactor content of ARC_TUM and 
EBPR biomass were 77 mg/L and 5930 mg/L, respectively, before preparing the 
biomass mixture from 2.5 L of EBPR biomass and 4.5 L of non-settling, turbulent, 
low MLSS-reactor content of ARC_TUM, together with 1 L of concentrated feed, 
resulting in a total volume of 8 L for overnight anaerobic/aerobic biomass contact 
set-up. MLSS value of the mixture at the beginning of overnight biomass contact 
was calculated, through a simple mass balance, as 1940 mg/L. Next day, the 
biomass mixture was settled and the supernatant was withdrawn before starting the 
new cycle. The MLSS value measured by the end of Day87 was 1963 mg MLSS/L. 
Hence, the sharp increase in MLSS from Day86 to Day87 seen in Figure 5.3 was 
simply due to the addition of the EBPR biomass to the reactor.  
It should be noted that TS was increased from 1 to 2 min for a short time (D87-91), in 
an attempt to prevent excessive washout of the added sludge. However, in three 
days, the MLSS value decreased sharply from 1963 to 74 mg/L; back to the level 
prior to addition of the EBPR biomass, indicating that a major portion of the floccular 
EBPR biomass was washed out. Apparently, vmin value of 5.5 cm/min (resulting from 
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TS value of 2 min) was too high for the floccular EBPR biomass to meet. Prior to 
addition of the EBPR biomass on Day86, only few granules, with an average dgra 
value of 0.62 mm, were present in the reactor (Figure 5.13). The average roundness 
was 0.70 and the shape factor was 0.62; the latter being low due to the extensive 
filamentous-outgrowths on the surface of the granules. 
Biofilm layer, formed again on the reactor walls, was removed. Extensive foaming 
continued in the reactor and caused additional biomass loss. Small aggregates or 
tiny granules which were entrapped inside the foam layer on the water surface were 
withdrawn together with the effluent.  
Stage II-II (D95-127) 
After the abovementioned initial observations for the first 9 days of Stage-II (Stage 
II-I), speed of the mechanical mixer was decreased from 310 to 240 rpm on Day95 
to further reduce the shear rate due to mechanical mixing (vSMix decreased from 15.5 
to 12.0 cm/s) and to ease its contribution to the overall shear during the total react 
time (see also Tables 5.1, 5.2, 5.3, and Figure 5.2). This resulted in a gradual yet 
significant change in system response. Monitoring the biomass characteristics 
during this stage revealed the progress of aerobic granulation in the reactor. After 10 
days of “minimal-biomass-episode” (MLSS <100 mg/L between D85-95), MLSS 
values started to increase and under the applied hydraulic selection pressures of 
“low TS (moderate vmin of 11.0 cm/min) and decreased overall shear rate (5.3 cm/s)”, 
this rising MLSS trend continued till the end of this operational stage, reaching to a 
value of 2000 mg/L on Day127.  
Concurrent to the increase in MLSS values, small white granules that were large 
enough to be seen by naked-eye, appeared again in the reactor on Day99. The 
amount of granular biomass continued to increase, the white granules turned to 
yellow and grew in size, biofilm formation stopped, and foaming decreased. The 
supernatant, which was soupy and highly turbid approximately 20 days ago, became 
clear. Consequently, the ESS values were reasonably stable at a range of 36-100 
mg/L. Meanwhile it became possible to measure SVI after Day106 (Figure 5.4) and 
the values remained fairly constant at around 70 mL/g. The steady SVI trend and 
the increasing biomass concentrations in the reactor confirmed the progressive 
growth of aerobic granular biomass with good settling properties and acceptable 
compactness (Figure 5.4). The average values for dgra, roundness and shape factor 
were 1.10 mm, 0.77, and 0.87, respectively (Figure 5.13). 
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During this stage of progressive granulation, the only decrease in MLSS was 
recorded on Day119 (1000 mg MLSS/L, Figures 5.3, 5.4). This one-time decrease 
was the result of a starvation incident, during which the reactor did not receive feed 
at the previous 3 days, due to a mechanical problem in the feed pump. Aside from 
that, the only observed adverse effect of this short starvation incident on size and 
structural integrity of the granules was that some of the bigger granules got 
disintegrated and broke into smaller pieces.  
Comparative evaluation of the MLSS, ESS, and SVI values, together with the 
observations regarding the granule size and morphology indicated that granulation 
was rapidly progressing in the reactor. Towards the end of Stage II-II, the biomass 
was in a totally granular state, without any significant floccular portion and with no 
biofilm. The granular biomass had a particle size distribution over a wide range (dgra 
values minimum of 0.64 mm and maximum of 3.03 mm), and the average dgra value 
was 1.34 mm (Figure 5.13). Consequently, the values of hydraulic selection 
pressure-related parameters applied during this stage (TS= 1 min, vmin = 11 cm/min, 
vSTR = 5.3 cm/s) were concluded to be in favor of progress of aerobic granulation. 
Stage II-III (D127-163) 
To evaluate the effect of further relaxing the shear stress on progress of aerobic 
granulation in ARC_TUM, in other words to verify the role of shear stress on granule 
formation/maintenance, the airflow rate was decreased from 1800 L/h back to 500 
L/h (vSair decreased from 1.76 back to 0.49 cm/s) on Day127. This resulted in a 
decrease of the overall shear level (vSTR) in the system from 5.3 to 4.5 cm/s (Table 
5.3). TS was still 1 min (vmin= 11 cm/min), as it was at the previous stage. The 
biomass concentration in the reactor continued to increase at the beginning of Stage 
II-III until Day136, but the yellow granules started to disintegrate and the totally 
granular biomass started to contain granules smaller than the ones observed at the 
previous stage. Consequently the average dgra value decreased to 1.01 mm on Day136 
(Figure 5.13). The effluent quality was fairly constant at this stage (ESS< 90 mg/L), 
except on Day136, when some granules started to escape to the effluent (Figure 5.3).  
After Day136, both the biomass properties and the effluent quality started to 
deteriorate significantly. MLSS values followed a dramatic decreasing trend starting 
from 3000 mg/L on Day136 and falling down to as low as 850 mg/L on Day163. 
Meanwhile, the ESS values increased from 160 mg/L (Day136) to 270 mg/L 
(Day163). Majority of the biomass cultivated in ARC_TUM was still granular (aver. 
dgra of 1.71 mm), but the granules were inhabited once more with filamentous-
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outgrowths on the surface (aver. shape factor decreased down to 0.60 on Day148). 
Moreover, some floccular biomass started to form in the reactor. The newly forming 
floccular biomass rested on top of the settled granular biomass bed by the end of 
the settling period. Some small granules continued to escape to the effluent and 
foaming increased. Continuing to operate the reactor under lowest-shear-causing 
conditions resulted in a biomass mixture of filamented-granules and a soupy-slimy 
floccular biomass in a 1:1 (v:v) ratio of settled biomass bed volume (Day163). 
Concomitant with deterioration in granule morphology, occurrence of filamentous-
outgrowths on granules’ surfaces, and formation of floccular biomass, the settling 
properties also deteriorated as evident from the SVI values which increased from 50 
mL/g on Day121 to 94, 102, and 126 mL/g on Days127, 136, 148, respectively. On 
Day163, SVI was 95 mL/g (Figure 5.4). 
Although not plotted on the graphs seen in Figure 5.3 and 5.4, the reactor 
performance continued to deteriorate after Day163. Between Days163-166, all the 
filamented-granules were lost, and the reactor returned to a state very similar to the 
one by the end of Stage I-V: a soupy and slimy, non-settling reactor content with a 
highly turbid supernatant, making it impossible to record SVI values. Reactor 
operation was ended at this point on Day166. 
Eventhough the operationally set indirect hydraulic selection pressure values of TS 
and the resulting vmin were the same (1 min and 11 cm/min, respectively) for Stage I-
V and Stage II-III, there was a major difference between the levels of shear rates 
exerted on the biomass during these stages. The vSTR value was as high as 15.8 
cm/s during Stage I-V, corresponding to extreme shearing conditions, whereas that 
during Stage II-III was 4.5 cm/s (Table 5.3). Yet, the end-results in terms of biomass 
characteristics were the same for both stages. Consequently, it was concluded that 
the extreme shearing conditions (coupled either with low or moderate vmin values) 
primarily prevented initiation of granulation, and it was only after relaxing the applied 
hydrodynamic shear stress (vSTR = 5.3 cm/s, coupled with moderate vmin of 11.0 
cm/min) that aerobic granulation was initiated and promoted in the system. And still, 
this did not guarantee the maintenance of the formed granular biomass, and granule 
stability was eventually lost despite of further relaxing the shear stress. 
Evaluation of the ESS values recorded throughout the second main stage of reactor 
operation (Stage-II) enabled deriving some conclusive remarks on the interactions 
between the level of applied shear, the state of granulation in-, and the effluent 
quality out-of the system: the amount of suspended solids appearing in the effluent 
(ESS) was considerably lower during Stage-II, at which the overall shear rates 
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applied to the system were also significantly lower than those applied at Stage-I 
(Table 5.3). However, starting from Day136, the ESS values increased again 
towards the end of the last episode with the lowest shear rate, which coincided with 
disturbance of the granulation process, formation of floccular biomass and washout 
of the biomass from the reactor. These observations suggested that the effluent 
quality from the system was not only directly related with the level of shear exerted 
on the biomass, due to its impact on the degree of the sloughing from granule 
surface, but also indirectly related with the granule stability, thus the state of 
granulation. Consequently, it was possible to state that the level of shear stress 
applied in a system is not only important in terms initiation, progress, and stability of 
aerobic granulation, but also in terms of maintaining an acceptable effluent quality, 
which eventually results in a decrease in time or volume requirement of the post-
sedimentation unit required to follow the main reactor in order meet the desired 
discharge limitations in terms of effluent suspended solids values; the latter being of 
significance in terms of engineering solutions, since these optimizations in overall 
reaction times or volumes translate into reduced capital and operational costs in full-
scale applications. 
5.1.5 Monitoring cell surface hydrophobicity  
As previously stated in Chapter 2, sections 2.2.6 and 2.4, microorganisms are 
known to be able to alter their cell surface characteristics in the direction of 
decreasing the repulsive forces between cells to enhance cell-to-cell interaction or 
decreasing the their surface charges to promote self-immobilization, both for 
transitioning from a dispersive- to an adhesive/aggregative-physiology, which not 
only offers a microenvironment sheltered from the adverse effects of external 
physical/chemical stress conditions like starvation, nutrient limitation, and 
hydrodynamic shearing forces, but also provides an environment of efficient 
existence and functioning through a highly coordinated collective behavior of 
profiting from the metabolic and phenotypic versatility provided at the vicinity. 
Altering the cell surface properties in the direction of decreasing repulsive forces via 
decreasing surface charges translates into elevated cell surface hydrophobicity, 
which promotes cell-to-cell interaction, self-immobilization, aggregation, and eventually 
granulation into compact and durable structures. For that reason, monitoring the 
changes in this parameter is of significance in aerobic granulation studies, and several 
researchers have confirmed that progress of granulation is usually accompanied by 
an increase in hydrophobicity of the cells (see Chapter 2, for general discussions, and 
Sections 2.5 and 2.6 for comparative literature review on this issue). 
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In accordance with the abovementioned points and to describe the relation between 
changes in cell surface hydrophobicity values and progress of granulation in 
ARC_TUM, biomass samples collected from ARC_TUM at different time points 
representing characteristics at different operational stages, were subjected to 
%hydrophobicity measurements. The results are visually presented in Figure 5.5. 
The operational stages, categorized according to the level of shear applied during 
the corresponding periods, are also marked on the graph. 
As can be seen from Figure 5.5, %hydrophobicity values were directly related with 
the level of hydrodynamic shear stress applied to the system. On Day73 (Stage I-V: 
extreme shearing conditions), cell surface hydrophobicity value was 45%. Day85 
was the day before adding the EBPR biomass to the system and it was the last day 
of Stage I-VI, during which the most severe shearing conditions were applied (vSTR; 
16.6 cm/s), and almost no biomass was left inside the reactor. %hydrophobicity 
value measured on that day was less than 1%, due to the low level of biomass. The 
value on Day86 represents the %hydrophobicity value of the biomass mixture 
consisting of 2x concentrated reactor content of ARC_TUM and the added EBPR 
biomass, right before overnight biomass contact. Comparing the values on D85 and 
D86, it is apparent that the value measured as 7.2% was mostly due to the 
%hydrophobicity of the added EBPR biomass.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5: ARC_TUM: Changes in % hydrophobicity values 
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Remembering that a major portion of the EBPR biomass was washed out in 3 days 
after Day86, contribution from the EBPR biomass became irrelevant, and the value 
measured on Day94 (2.4%) being higher than that recorded by the end of Stage-I 
(extreme shearing conditions) indicated that hydrophobic character of the newly 
forming granular biomass had already started to increase, parallel to decrease in 
hydrodynamic shearing conditions and concomitant advance of granulation. As can 
be seen from Figure 5.5, %hydrophobicity values continued to increase parallel to 
the progress of granulation in the system operated under relatively relaxed shearing 
conditions (Days85-136), and it was only after gradual disturbance of the granulation 
process and loss of granule stability towards the end of the final episode that 
%hydrophobicity values also decreased to some extent (Days136-163). 
Increase in %hydrophobicity in 20 days during Stage II-II was 33% (from 15% on 
D108 to 48% on D128), whereas decrease in 27 days during Stage II-III was only 
6% (from 54% on D136 to 48% on D163), together suggesting a more pronounced 
(positive) change in hydrophobic character of the biomass upon initiation and 
progress of granulation, and a less significant (negative) impact upon loss of granule 
stability.  
In summary, the correlation between progress of granulation and corresponding 
increase in %hydrophobicity values determined in this study is in well agreement 
with the observations reported in the literature (see Chapter 2, Sections 2.5, 2.6, 
and 2.7). Moreover, it was also clarified in this study that the increase in cell surface 
hydrophobicity was directly correlated with the level of shear applied to the system, 
that is “the higher the shear rate is, the higher the %hydrophobicity values are”, as 
long as extreme shearing conditions are avoided. 
5.1.6 Monitoring Extracellular Polymeric Substances (EPS) 
As previously stated in Chapter 2, sections 2.2.7, 2.3.2.1, and 2.4, microorganisms, 
if not in a dispersed physiological state, are embedded, together with the 
neighboring cells, in a slimy matrix of extracellular polymeric substances (EPS), 
constituting mainly of water and biopolymers like ExoPS and ExoPN, as well as 
some other macromolecules of microbial-origin, and also some entrapped non-
cellular organic or inorganic materials. This three-dimensional, gel-like, highly 
hydrated, adhesive, and usually charged matrix with both hydrophobic- and 
hydrophilic-sites, not only serves for changing the negative surface charges of 
dispersed bacterial cells, decreasing the repulsive forces between them, increasing 
their proximity, bridging them physico-chemically, and thus contributing to cell-to-cell 
 187
interaction, self-immobilization, adhesion/aggregation via acting as a backbone 
where more cells can embed, but also provides a niche to the residing 
microorganisms to be protected from the adverse and severe effects of external 
stimuli, like physical/chemical stress conditions, and a microenvironment of efficient 
existence and functioning where the residents benefit from the metabolic and 
phenotypic versatility provided at the their close proximity. 
Among the physical stress factors initiating phenotypic and/or metabolic shifts to 
diverge from dispersive- to aggregative-physiology of being embedded together with 
other cells in an EPS-matrix, hydrodynamic shear stress is one of the most apparent 
ones applied and/or occurring in engineered systems. Consequently, many 
researchers investigated the changes in EPS production in relation with applied 
hydrodynamic shear forces and progress in aerobic granulation. In fact, in many 
cases, application of reasonably high hydrodynamic shear forces, in terms of high 
superficial upflow air velocity (vSair), was reported to coincide with an increase in 
EPS production, which is known to mediate cohesion and self-adhesion/ 
aggregation, and thus significantly contributes to the progress of granulation, and 
facilitates structural integrity of formed granules (see Chapter 2, Subsections 2.3.1.1 
for general- and Section 2.5 for comparative reviews on these issues). 
In accordance with the aerobic granular biomass literature, and within the framework 
of this current study, biomass samples collected at different time points were 
subjected to EPS measurements to reveal the correlation between changes in 
ExoPS and ExoPN production and progress of granulation observed in ARC_TUM.  
5.1.6.1 Relation between applied shear and EPS-production 
The results of ExoPS and ExoPN measurements are visually presented in Figure 
5.6 as absolute values. The operational stages, categorized according to the level of 
shear applied during these periods, are also marked on the graphs. As can be seen 
from Figure 5.6, the ExoPS values of the biomass continuously increased Stage-I of 
operation under extreme shearing conditions, starting from a value as low as 4 mg 
glucose/L on Day1 and reaching to 137 mg glucose/L on Day74. The significantly 
low ExoPS value recorded for the inoculum (D1) was due to the fact that prior to its 
transfer to ARC_TUM, the seed biomass collected from a conventional full-scale C-
removing WWTP had been aerated for 4 days without any feeding. Thus, the 
inoculum was suspected to consume its own carbon sources to survive during this 
prolonged starvation period, resulting in considerably low polysaccharide content. 
Similar to the observations for %hydrophobicity values, the ExoPS value recorded 
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for the last day of this stage (D85) was significantly low compared to those 
measured at the previous days, simply due to the fact that almost all of the biomass 
had been washed out of the system. Moreover, the slightly higher value on Day86 
was mostly due to the properties of the EBPR biomass in the mixture prepared for 
overnigth biomass contact. The profile of ExoPN production during Stage-I was 
same as that of ExoPS production, indicating that continuous application of extreme 
shearing conditions enforced the biomass to increase its EPS production for 
enhancing its adhesive/aggregative properties to be retained inside the system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6: ARC_TUM: Changes in ExoPS- and ExoPN-production. The bars 
indicate standard deviations. 
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Both ExoPS and ExoPN values, which had dropped down to considerably low levels 
on the last day of the preceding stage with the most severe shearing conditions 
(Stage I-VI, vSTR; 16.6 cm/s), first stayed more or less the same (data on Day108), 
then similar to the observations for %hydrophobicity values, production of EPS-
associated parameters increased dramatically parallel to progress of granulation 
under relatively relaxed shearing conditions (Figure 5.6).  
ExoPS and ExoPN values recorded on Day121 and Day136 were at the same level 
(Figure 5.6). ExoPN production followed a continuously decreasing trend throughout 
the final episode of reactor operation (Stage II-III) under lowest shearing conditions, 
whereas the ExoPS values first increased (data on D136 and D148), and then 
decreased (data on D148 and D163). Nonetheless, the end-result of continuing to 
operate the reactor with the lowest shear rate was a net decrease in production of 
both ExoPS- and ExoPN-fractions, coinciding with disturbance of the granulation 
process, loss of granule stability, and formation of floccular biomass.  
The values calculated for the level of ExoPS per biomass (ExoPS/VSS) were 0.003, 
0.04, 0.08, 0.2, 0.04, 0.05, 0.06, 0.03, 0.08, and 0.09 mg glucose/mg MLVSS, 
respectively for the data points seen on Figure 5.6, excluding Day85. Corresponding 
ExoPN per biomass (ExoPN/VSS) values were 0.10, 0.26, 0.35, 0.66, 0.19, 0.31, 
0.49, 0.23, 0.36, and 0.14 mg BSA/mg MLVSS, respectively. As apparent from 
these values, ExoPS/VSS and ExoPN/VSS ratios fluctuated the same way the 
absolute values of the EPS-fractions did, in relation with altered shearing conditions, 
and concurrently varying granulation states.  
5.1.6.2 Relation between applied shear and EPS-composition 
As stated in Chapter 2, Section 2.4, the EPS-matrix is a lump-sum of different 
extracellular biopolymers and molecules (ExoPS, ExoPN; humic substances, nucleic 
acids, etc.), which are produced in different compositions and in different relative 
amounts in an adhesive/aggregative microbial community, experiencing different 
environmental conditions. In this current study, the amount of ExoPN relative to that 
of ExoPS for the same sample, in other words the ExoPN-to-ExoPS ratio, was 
considered as the parameter indicating the composition of EPS produced under a 
given condition, and the ExoPN/ExoPS values determined for each case are plotted 
below in Figure 5.7, to show the influence of different shearing conditions on the 
composition of the abiotic EPS parameter.  
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Figure 5.7: ARC_TUM: EPS-composition expressed in terms of ExoPN/ExoPS 
The graph seen in Figure 5.7 clearly shows that the composition of EPS, expressed 
in terms of ExoPN/ExoPS, changed significantly in time and also parallel to the 
changes in level of applied shear. During the first half of the study with extreme 
hydrodynamic shearing conditions, the relative amount of ExoPS produced by the 
biomass increased in time. That is, the biomass was producing more ExoPS than 
ExoPN to deal with extreme shearing conditions. On the contrary, upon initiation and 
during progress of granulation at Stage-II (operation under decreased shearing 
conditions), the ExoPN/ExoPS values started to increase, indicating that the relative 
level of ExoPN production also started to increase compared to the level of ExoPS 
production recorded for the same time points, and thus the composition of EPS 
shifted towards including more proteins and less polysaccharides.  
Disturbance of the granulation process and loss of granule stability realized towards 
the end of the study (application of lowest-shear-rate and after Day136) also 
coincided with dramatic decrease in ExoPN/ExoPS values. Increasing 
ExoPN/ExoPS trend overlapping with initiation and progress of granulation, and the 
decreasing trend coinciding with the disturbance of the process were considered as 
substantiating the conclusion that composition of the EPS produced by the biomass 
was directly related with the state of the granulation, which was notably influenced 
by the level of shear applied to the system. 
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Although the results obtained as absolute values of ExoPS and ExoPN production 
(Figure 5.6) are in well agreement with the aerobic granulation literature in general 
(i.e., with the ones listed below), the changes in the EPS-composition 
(ExoPN/ExoPS profiles; Figure 5.7) determined in this current study are opposite to 
the observations reported by i.e., Qin et al. (2004a,b), Tay et al. (2001a,b), and 
summarized by Liu and Tay (2002). As reviewed in details in Chapter 2, Subsection 
2.5, all these researchers recorded an increasing trend for the ExoPS/ExoPN ratio 
with increased shear rates expressed in terms of superficial upflow air velocities 
(vSair in the range of 0.3-3.6 cm/s in these studies), rather than for the ExoPN/ExoPS 
ratio, as is the case in this current study. On the other hand, the results obtained in 
this current study for the EPS composition are in line with those reported by 
McSwain et al. (2004a and 2005b), who operated two SBRs with the same shear 
rate (vSair; 1.2 cm/s), but with different TS values (10 and 2 min, resulting in vmin 
values of 5 and 25 cm/min, respectively). They reported that the biomass in the 
reactor with the lower TS was totally granular, whereas the one in the reactor with 
the higher TS was always a mixture of granular and floccular parts. McSwain and her 
colleagues (2004a) also stated that both the ExoPS and ExoPN values of the totally 
granular biomass, subjected to higher hydraulic selection pressure (in terms of 
higher settling velocity), were higher than those of mixed biomass subjected to lower 
pressure, and the contribution of the ExoPN-fraction to the overall EPS (measured 
in mg TOC/L) produced by the totally granular biomass was higher than that of the 
mixed biomass (see also Figure 2.2). The researchers attributed this discrepancy 
with the literature to the EPS-extraction methods used in different studies. A 
comparison of the ExoPS and ExoPN levels obtained from EPS extraction 
procedures via extraction with NaOH (as was applied by the researchers 
exemplified above) and extraction with DOWEX cation exchange resin (as was 
applied by McSwain et al., 2004a and 2005b; and also by the author of this current 
PhD dissertation) can be found in McSwain et al. (2005b). A comparison of different 
EPS extraction procedures yielding different extraction efficiencies and ratios, is also 
provided by Tsuneda et al. (2001).  
Based on the above discussions on composition of EPS being altered in accordance 
with the applied selection pressures/stress conditions and progress of granulation, 
the results obtained in this current study were considered as not being erroneous, 
but rather as describing a case-specific relation between the composition of the EPS 
produced by the biomass and the state of granulation, as well as the level of shear 
stress applied in this study. 
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ARC_TUM: ExoPN/ExoPS vs %Hydrophobicity
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As stated in Chapter 2, cell surface characteristics, in particular cell surface 
hydrophobicity, and the EPS produced by the biomass where microorganisms are 
tightly packed and embedded, are directly related. Consequently, to demonstrate 
this relationship for the biomass cultivated in ARC_TUM, %hydrophobicity values 
are plotted together with the ExoPN/ExoPS ratios in Figure 5.8. 
 
 
 
 
 
 
 
 
 
 
  
 
Figure 5.8: ARC_TUM: Relation between ExoPN/ExoPS ratios and %hydrophobicity 
The graph presented in Figure 5.8 simply demonstrates that changes in cell surface 
hydrophobicity were directly related with the changes in composition of the EPS 
produced by the biomass in ARC_TUM, which both were overlapping with the 
progress of granulation during Stage II-II and with the disturbance of the process 
during Stage II-III. The changes in the composition of the EPS-matrix were parallel 
to the variations in cell surface properties expressed in terms of %hydrophobicity. 
Both parameters followed an increasing trend through Stage II-II of decreased 
shearing conditions, during which gradual progress of aerobic granulation was 
recorded. At the following stage with lowest shear rate, granulation was determined 
to be disturbed as stated previously, and this was accompanied by decreasing 
ExoPN/ExoPS and %hydrophobicity values.  
The direct and proportional relation between %hydrophobicity and EPS composition 
observed in this study can be supported to some extent, considering the data 
reported by Higgins and Novak (1997). The researchers determined that the total 
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amount of amino acids contributing to the hydrophobic portion of the ExoPN fraction 
extracted from a full-scale AS system was 50% higher than that of the hydrophilic 
amino acids (3220 µmol/g ExoPN versus 2090 µmole/g ExoPN, respectively). 
Consequently, the increase observed in this current study in %hydrophobicity values 
was concluded to be a direct consequence of the increase in ExoPN/ExoPS ratio-
indicating a shift in EPS composition towards including more proteins and less 
polysaccharides-, assuming that the ExoPN produced by the biomass had a 
hydrophobic characteristic (in relation with the abovementioned reference). 
Evaluating the results of the last episode (of lowest shear rate and concomitant 
granulation disturbances) in terms of the degree of impact on hydrophobic 
characteristics and EPS composition, loss of granule stability was concluded to be 
much more influential on composition of the EPS-matrix than on cell surface 
hydrophobicity of the biomass cultivated in ARC_TUM. 
5.1.7 Parameters related with metabolic- and kinetic-selection pressures 
To determine the performance of the biomass in terms of biochemical conversion 
efficiencies and to investigate the relation of the latter with the extent of metabolic- 
and kinetic-selection pressures, as well as with the observed state/progress of 
granulation, COD removal performance of the biomass was monitored throughout 
the entire course of the study and the results are plotted in the graphs given in 
Figure 5.10. However, prior to starting with assessment of the results, it was 
required to determine the extent of the parameters related with metabolic- and 
kinetic-selection pressures, for an accurate evaluation in terms of relating the COD- 
and P-removal efficiencies of the biomass to the metabolic/kinetic selection theories, 
as well as to the state/progress of granulation. As reviewed in Chapter 2, Section 
2.6, volumetric COD-loading rate (kg/m3.d) has been considered by many 
researchers as the measure of kinetic selection pressure exerted on the biomass in 
fully aerobic, C-removing, granular biomass systems. However, as discussed in 
details in Chapter 2, Sections 2.3.2 and 2.6, this parameter cannot be regarded as a 
direct measure of substrate gradient or metabolic/kinetic selection pressures, unless 
evaluated together with the reactor feeding pattern -in terms of duration of the 
feeding time (pulse-feeding versus continuous feeding) and the simultaneous 
presence- or absence- of the external terminal e–acceptor-, or taking into account 
the amount of biomass present in the reactor. Considering that ARC_TUM was fed 
in a pulse-feeding manner (TF= 5 min), it was possible to use the applied COD-
loading rate (1.6 kg/m3.d) to determine the level of initial substrate concentration 
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(Si*; mg COD/L), thus the temporal substrate gradient that the biomass experienced 
instantaneously upon receiving the influent. The COD-loading rate and the biomass 
concentration values monitored throughout the course of the study were used to 
calculate the initial volumetric biomass loading values (mg COD/mg MLVSS), which 
were related with the metabolic- and kinetic-selection pressures that the biomass 
experienced at varying degrees. 
Different expressions were used to describe these parameters in order to 
differentiate between the values-ratios originating from contribution of the influent, 
and the true values-ratios that the biomass actually experienced, as well as to 
separate the values being valid during the 2-h anaerobic- and the subsequent 
aerobic-phases. The descriptions of the relevant parameters used as measures of 
the metabolic/kinetic selection pressures in this study are as follows: 
• Si* (mg COD/L): Initial and instantaneous COD concentration in the reactor 
originating only from introduction of the influent to the reactor (at a pulse-feeding 
mode), thus a measure of temporal substrate gradient exerted on the biomass: 
400 mg COD/L (Table 5.3) 
• STi (mg COD/L): Total initial instantaneous COD concentration in the reactor due 
to the influent COD (800 mg/L diluted to 400 mg/L in the reactor in accordance 
with 50% exchange ratio; Table 5.3), and the effluent COD of the previous cycle 
being present in V0, and recycled back to the head of the next cycle (beginning 
of the anaerobic period) with a 2x dilution (1/exchange ratio), thus the true 
measure of temporal substrate gradient that the biomass experience: 
(400 + 0.5 x SEffluent)                  (5.9) 
• STAnaer (mg COD/L): Total initial COD concentration that the biomass experience 
instantaneously at the beginning of 2-h anaerobic period, thus the true measure 
of temporal substrate gradient in favor of anaerobic C-storage mechanism 
(metabolic selection). Same as STi: 
(400 + 0.5 x SEffluent) 
• STAer (mg COD/L): COD concentration in the reactor by the end of the anaerobic 
phase being available for the biomass for aerobic C-storage and fast growth 
upon introduction of the external terminal e-acceptor to the system (aerobic 
phase), thus the true measure of temporal substrate gradient for the balance 
between aerobic C-storage-, feast-, and famine- phases (kinetic selection): 
(STAnaer – Anaerobically removed COD) = SEndAnaer            (5.10) 
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• Si*/Xi (mg COD/mg MLVSS): Initial instantaneous volumetric biomass loading 
due only to the COD originating from the influent, thus a measure of 
metabolic/kinetic selection pressure that the biomass experience: 
[400 mg COD / X mg MLVSS]                (5.11) 
• STi/Xi (mg COD/mg MLVSS): Total initial instantaneous volumetric biomass 
loading due to the COD originating from the influent and from the effluent 
recycled from the previous cycle to the beginning of the anaerobic period with a 
2x dilution (1/exchange ratio), thus the true measure of metabolic/kinetic 
selection pressure exerted on the biomass: 
[(400 + 0.5 x SEffluent) mg COD / X mg MLVSS]              (5.12) 
• STAnaer/Xi = AnaerLoad (mg COD/mg MLVSS): Total initial instantaneous anaerobic 
volumetric biomass loading, thus the true measure of selection in favor of 
anaerobic C-storage mechanism (metabolic selection). Same as STi/Xi: 
[(400 + 0.5 x SEffluent) mg COD / X mg MLVSS] 
• STAer/Xi = AerLoad (mg COD/mg MLVSS): Instantaneous aerobic volumetric 
biomass loading for aerobic C-storage and fast growth upon introduction of the 
external terminal e-acceptor to the system, thus the true measure of balance 
between aerobic C-storage-, feast-, and famine mechanisms (kinetic selection):  
[(SEndAnaer) mg COD / X mg MLVSS]              (5.13) 
• AnaerLoad/AerLoad (mg COD/mg COD): The parameter showing the relation 
between the amount of substrate refluxed to anaerobic C-storage mechanism 
(thus directly indicating the extent of metabolic selection pressure), and the 
amount being available for simultaneous aerobic C-storage and fast growth 
mechanisms (thus related with kinetic selection pressure). 
? A value of 1 for this ratio indicates that the initial amount of COD refluxed 
to anaerobic C-storage mechanism is equal to the amount available for 
aerobic C-storage and fast growth mechanisms. Considering the 
descriptions given above, this means that no COD is removed during the 
anaerobic period, and the overall COD removal observed in the system is 
only due to aerobic consumption during the feast phase (where fast-growth 
directly on externally available C-source takes place concurrent to aerobic 
C-storage) and the subsequent famine phase (where slow-growth 
proceeds on intracellular C-storage compounds (if any stored)).  
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? The higher this ratio, the more COD is available for metabolic selection 
and the less for the successive feast- and famine-phases, thus the more 
secured the selection of anaerobically C-storing and aerobically slow-
growing microorganisms. 
? This ratio cannot be smaller than 1, even if there is no anaerobic COD-
consumption, considering that growth proceeds at the aerobic phase, no 
matter if at a high rate (fast-growth directly on externally available C-
source at the feast phase) or at a low rate (slow-growth on intracellular C-
storage products at the famine phase). Hence, net biomass production 
should have a positive value (growth rate>decay rate), or a minimum of 
zero (growth rate=decay rate), but cannot be negative, unless the biomass 
is under starvation conditions (described previously in Chapter 2 as a state 
of endogenous respiration upon depletion of both the externally available 
C-sources and the intracellular C-storage products, and probably the 
sources available in the EPS-matrix) and thus feeding on its own mass. 
Thus an AnaerLoad/AerLoad ratio smaller than 1 can only be expected during 
or after an extended starvation period. 
Changes in the levels of the “selection pressure-related parameters”, calculated by 
using the above expressions, are visually presented in Figure 5.9. This graph was 
taken into account while evaluating the influence of varying metabolic/kinetic-
selection pressures on the removal efficiencies and the progress of aerobic 
granulation in ARC_TUM. 
As can be seen from Figure 5.9, all the volumetric biomass loading values fluctuated 
around 0.2-0.4 mg COD/mg MLVSS between Day1-64 (Stages I-I to I-IV), then 
increased dramatically till the end of the first main stage of reactor operation (Stage 
I-VI). Si*/Xi values were calculated as 5.2 and 7.6 mg COD/mg MLVSS on Days85 
and 92, respectively. Accordingly, both the anaerobic- and the aerobic-biomass 
loading values reached to 7.3 mg COD/mg MLVSS on Day85 and then to a value as 
high as 12.4 on Day92. This dramatic increase in the volumetric biomass loading 
values between Day64 and Day85-92 corresponded to the extensive biomass 
washout period (see also Figure 5.3) under extreme shearing conditions (and 
moderate vmin values; see also Table 5.3). Concurrently, the AnaerLoad/AerLoad ratio 
decreased down to 1, a value indicating that externally available acetate was not 
being consumed during the anaerobic period, and all the acetate (STi) was instantly 
available for fast-growth and aerobic C-storage mechanisms upon start of aeration. 
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Figure 5.9: ARC_TUM: Changes in volumetric biomass loading values. The 
horizontal line marks a value of 1 being the theoretical minimum for the 
AnaerLoad/AerLoad parameter.  
During the period covering the operational time after Day80 and before Day106, 
high volumetric biomass loading values, which were supposed to translate into high 
metabolic/kinetic selection pressures in the direction of favoring slow-growers, 
became irrelevant simply due to the impossibility of attaining an acceptable level of 
biomass, hence high acetate conversion rates (neither anaerobic nor aerobic), 
inside the reactor operated under extreme or considerably high shearing conditions. 
Upon changing the operational configuration of the reactor to avoid extreme 
shearing conditions due to mechanical mixing at the aerobic phase (Stage-II), and 
the start of the concomitant increase in biomass concentrations, decrease in SVI 
values, and formation of the granular biomass inside the reactor, the volumetric 
biomass loading values also decreased dramatically, as expected. For instance, 
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Si*/Xi values decreased from 5.2 down first to 2.7 on Day99, then to 0.74 on 
Day108, and stabilized around 0.3 mg COD/mg MLVSS for the rest of Stage-II, 
except for the last day of reactor operation. Anaerobic and aerobic biomass loading 
values also decreased sharply at the corresponding days, but the important point 
with respect to metabolic/kinetic selection pressures was that the decrease in 
anaerobic- and aerobic- biomass loadings was different (Figure 5.9). The resulting 
AnaerLoad/AerLoad ratios were higher than 1, indicating that the externally available 
acetate was started to be consumed anaerobically by the newly forming granular 
biomass. Moreover, this ratio had an increasing trend between Day92 and Day108, 
suggesting that the amount of substrate refluxed to anaerobic C-storage mechanism 
increased during this period. As described previously, anaerobic C-storage requires 
alternative metabolic capabilities for the generation of the energy required to take-up 
and convert the externally available acetate into intracellular C-storage products in 
the absence of an external terminal e-acceptor, thus is a direct measure of the 
metabolic selection pressure in favor of slow-growing PAOs or GAOs. Accordingly, 
the increasing AnaerLoad/AerLoad trend during this period was considered to have a 
positive influence on granulation through securing a metabolic selection pressure in 
favor of anaerobically C-storing and aerobically slow-growing organisms, and thus 
decreasing the overall growth rates over the total react time, which have been 
determined as measures for enhancing aerobic granulation (see Chapter 2, Section 
2.3 for general discussions, and Section 2.7 for comparative literature review on 
these issues). The same increasing trend and related discussions were also valid for 
the period between Day127-136.  
The decreasing AnaerLoad/AerLoad trends recorded between Day108-121 and 
between Day136-163 (Figure 5.9) were concluded to be consequences of different 
causes. The one observed at the last episode of Stage-II coincided with the period 
when granulation was disturbed and MLVSS values decreased continuously due to 
biomass washout. Apparently and similar to the case described for the last episode 
of Stage-I, decrease in AnaerLoad/AerLoad ratios and increase in Si*/Xi, STAnaer/Xi, and 
STAer/Xi values at the corresponding time points were simply due to the decrease in 
biomass concentrations. On the contrary, this was not the case for the period 
between D108-121, when an appreciable amount of biomass was present inside the 
reactor and granulation was proceeding progressively (see Figures 5.3 and 5.4).  
It should be noted that the volumetric biomass loading values calculated for Day86 
and 87 were much lower (i.e., Si*/Xi = 0.3 mg COD/mg MLVSS for both days) than 
the ones determined for the preceding and following data points, simply due to the 
 199
increase in the biomass concentration upon addition of the EBPR biomass to the 
system on Day86. These values were not plotted in Figure 5.9, and it was not 
erroneous to do so since majority of the added EBPR biomass was washed out 
within three days, and thus its contribution became irrelevant. 
Another point to be mentioned is that the AnaerLoad/AerLoad ratio calculated for 
Day121 was 0.9. As stated above, a ratio smaller than 1 can occur only under or 
right after an extended starvation period, during which both the external- and the 
intracellular-carbon sources are exhausted and the biomass starts to feed on its own 
mass. In fact, as stated previously in Subsection 5.1.4.2, Day121 was 2 days after 
the biomass in ARC_TUM experienced a starvation period of 3 days (between 
D116-119), due to a mechanical problem in the feeding pump. Thus, this 
appropriately clarified the AnaerLoad/AerLoad ratio being smaller than 1 on that day.  
5.1.8 Influence of metabolic- and kinetic-selection pressures on removal 
efficiencies and progress of granulation 
COD- and P-removal performances of the biomass cultivated in ARC_TUM were 
monitored throughout the entire course of the study and the results are presented in 
Figures 5.11 and 5.12, as absolute values by the end of the anaerobic and aerobic 
periods. In addition, anaerobic- and aerobic-COD removal efficiencies are plotted 
together with overall efficiencies to help describe the relation between the COD 
removal performance of the biomass and the C-storage, feast-, and famine- phases. 
Initial COD concentrations in the reactor originating only from the influent (Si*), as 
well as initial volumetric biomass loading (Si*/Xi), are also provided in Figure 5.10. 
The dark-shaded columns on the %COD removal graph represent the contribution 
of anaerobic COD consumption to the overall COD removal performance, whereas 
the light-shaded columns correspond to that of the aerobic COD removal. End of 
anaerobic period values were not available for the data points marked solely with 
blank bars representing the overall COD removal performance. 
It took only 2 days for the seed biomass to adapt to metabolizing the new C-source 
(acetate), as evident by the overall COD removal efficiencies recorded on the first 4 
days of reactor operation, and the system was stabilized in terms of overall COD 
removal performance (approx. 97% until Day50). However, the values measured at 
the end of the anaerobic period were as high as Si* values, indicating that anaerobic 
COD consumption was low (Figure 5.10), in other words the extent of anaerobic C-
storage mechanism and thus that of the metabolic selection pressure was limited, 
parallel to the low AnaerLoad/AerLoad levels for the same period seen in Figure 5.9. 
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The dramatic increase in effluent COD concentrations between Day50 and Day92 
corresponded to the period of gradual yet steady biomass washout under severe 
hydraulic conditions of extreme shear rates. 
Upon start of Stage-II (Day86) with considerably decreased shear rates, and 
concurrent increase in MLVSS values as well as initiation and progress of 
granulation in the reactor, the COD removal performance of the system enhanced 
significantly, as evident from the sudden increase in overall efficiency from 36% on 
Day92 first to 78% in a week and then to over 90% in the following 9 days. Overall 
COD removal efficiencies were stable over 90% for the rest of Stage-II, except for 
the last day of reactor operation (Figure 5.10). Meanwhile, while the effluent COD 
concentrations were also stable at around 50 mg/L, the values by the end of the 
anaerobic period fluctuated, indicating that the amount of COD consumed during the 
anaerobic period, varied during this stage. 
Comparative evaluation of the ortho-P dynamics given in Figure 5.11 and the COD-
dynamics presented in Figure 5.10, revealed that the changes in EBPR-associated 
P-removal was closely related with the amount of anaerobically removed COD. It 
should be noted here that it was not possible to attribute the high levels of P-
removal recorded during the first 15 days of reactor operation, only to the EBPR 
metabolism, which depended strictly on the amount of externally available acetate 
stored anaerobically. In fact, the pH control was not active during this period. Thus 
the total P-removal observed during this period (48-34% on Days10-15, 
respectively), being high compared to the corresponding anaerobic COD-removal 
(43-18% on the same days, respectively) was concluded to be the combined 
consequence of chemical P-precipitation due to elevated pH values and EBPR. The 
sharp decrease in P-removal from 34% on Day15 down to 9% on Day24 after 
activating the pH control further substantiated this suggestion. Anaerobic COD-
removal on Day24 was also low (13%). 
The decreasing trend in anaerobically removed COD levels and the concomitant 
decrease in P-removal efficiencies during the start-up period, and both being 0% 
during the rest of Stage-I, indicated that the metabolic selection pressure of feeding 
the system at a pulse-feeding mode in the absence of oxygen as the external 
terminal e-acceptor, and supplying ortho-P to the biomass at a COD:P ratio of 18.2 
mg COD/mg PO4-P, to favor selection of the PAOs became ineffective due to 
extensive biomass washout caused by the extreme shearing conditions applied to 
the system. 
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Figure 5.10: ARC_TUM: Anaerobic-, aerobic-, and overall-COD removal 
performance, in relation with initial biomass loading and stages of altered 
hydrodynamic shearing conditions. **BWP: Biomass Washout Period. 
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Figure 5.11: ARC_TUM: Ortho-P dynamics and changes in P-removal performance 
of the biomass. Pi*: Initial bulk liquid ortho-P concentration only the due to influent. 
Upon start of granulation at the beginning of Stage-II, and parallel to the first 
increase in AnaerLoad/AerLoad ratio between Day92-108, translating into an enhanced 
metabolic selection pressure in favor of selecting for PAOs, the EBPR capacity of 
the newly forming granular biomass also increased. On the other hand, the second 
increase in AnaerLoad/AerLoad ratio between Day127-136 did not yield the same 
result, rather coincided with a decrease in EBPR performance. Increasing levels of 
anaerobically removed COD despite of decrease in EBPR efficiency suggested the 
presence and function of microorganisms (other than PAOs) with the ability of COD 
consumption in the absence of oxygen as the terminal e-acceptor, and not causing a 
significant difference in the bulk-liquid P budget (the denitrifiers or the GAOs).  
As a result of the decrease in AnaerLoad/AerLoad, thus weakening of the metabolic 
selection in favor of PAOs, and the decrease in MLVSS values due to biomass 
washout resulting from disturbance of the granulation process and loss of granule 
stability, P-removal efficiency at the last episode of reactor operation dropped down 
to 2%; corresponding to a value that might be sufficient only for normal P-requirement 
for cell synthesis, and could not be associated with any degree of EBPR.  
It should be noted that the EBPR performance was significantly high on Days86 and 
87, only due to the addition of the EBPR inoculum to the system, and these values 
were not plotted on the graph seen in Figure 5.11, since the majority of the added 
EBPR biomass was washed out in 3 days, making its contribution to the EBPR 
efficiencies observed at the following period irrelevant. 
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5.1.9 Summary of the results and final discussions for the acetate-fed reactor 
All the changes in operational configurations and conditions, translating into varying 
hydraulic- and metabolic/kinetic-pressure levels throughout the entire course of the 
study are visually presented in Figure 5.12. Progress of aerobic granulation, in terms 
of average, minimum, and maximum dgra values, is given in Figure 5.13, in relation 
with the changes in hydraulic- and metabolic/kinetic pressures exerted on the 
biomass. Changes in morphological features of the formed granules are also plotted 
on the graph given in Figure 5.13.  
All the results obtained for ARC_TUM and evaluated in details at the preceding 
subsections of this chapter are summarized in Table 5.4, together with the values of 
the constant, as well as the altered operational- and configurational-parameters, 
applied during each individual operational stage, to provide a closure for 
comparative evaluation of the obtained results with respect to the influence of the 
applied changes on indicative parameters of aerobic granulation. Moreover, these 
assessments are combined and visualized in the graph given in Figure 5.14. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.12: ARC_TUM: Changes in operational configurations and conditions 
translating into varying hydraulic- (H.-Stage) and metabolic/kinetic-pressure (M/K.-
Stage) levels 
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Figure 5.13: ARC_TUM / Progress of granulation: evolution of the granules in size 
and changes in morphology of the formed granules in relation with applied hydraulic- 
(H.-Stage) and metabolic/kinetic-pressure (M/K.-Stage) levels 
H.-Stage Extreme shear Lower shear Lowest shear 
M/K.-Stage Low Increasing/Decreasing 
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Results obtained for ARC_TUM and combined in Figures 5.12, 5.13, 5.14, and 
Table 5.4 can be summarized as follows: 
(i) Extreme hydrodynamic shearing conditions during the first main stage of 
reactor operation (Stage-I), mainly due to the contribution of mechanical 
mixing both at the anaerobic- and aerobic-phases had an adverse effect on 
the granulation process, primarily preventing the initiation of granulation and 
resulting in deterioration of the biomass characteristics and extensive 
biomass washout. 
(ii) In fact, the first granules became visible in the system within 30 days upon 
starting the reactor and were present in the system for the next 20 days, 
though they became unstable and then diluted from the system. 
(iii) At the second main stage (Stage-II) of reactor operation, during which the 
reactor was operated under decreased hydrodynamic shearing conditions, 
increasing MLSS and decreasing SVI trends, in other words increasing 
biomass compactness and settleability, overlapped with the progress of 
aerobic granulation till loss of granule stability, and formation of floccular 
biomass towards the end of this stage. 
(iv) Entire course of reactor operation was divided into two main categories as 
Stage-I of “operation under extreme hydrodynamic shearing conditions” and 
Stage-II of “operation under decreased hydrodynamic shearing conditions”. 
The settling time was decreased down to as low as 1 min towards the end of 
Stage-I (Day64), yet the operationally determined settling velocity was at a 
moderate level (11 cm/min), due to the reactor geometry of the wide-type 
SBR. Thus the hydraulic selection pressure in terms of allowing only the 
aggregates with settling velocities equal or higher than the operationally set 
settling velocities be retained in the system, remained at a moderate level, 
even when the TS was 1 min. On the other hand, excluding mechanical 
mixing during the aerobic period, decreasing the speed of the mechanical 
mixer, and also decreasing the Qair at Stage-II, avoided extreme shearing 
conditions and provided a significant relaxation at the overall hydrodynamic 
shear stress, yet the resulting shear stress was still high when compared to 
the values reported in the literature. Thus, it was concluded that the main 
hydraulic pressure in the system was the hydrodynamic shear stress, rather 
than the settling time, and the system was under considerable shearing 
conditions also at Stage-II. 
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(v) Despite of applying operational conditions such to produce a 
metabolic/kinetic selection pressure in favor of slow-growing organisms with 
a preference of growing into an adhesive/aggregative physiology, it was not 
possible to attain the desired effects and results in terms of maintaining the 
stability of the aerobic granulation process. Thus, progress of aerobic 
granulation observed at Stage-II was disturbed, eventually resulting in loss of 
granule stability, formation of floccular biomass, deterioration of granule 
morphology and the effluent quality, and washout of biomass from the 
system towards end of reactor operation. 
(vi) Average size of granules (dgra) had an increasing trend over time, parallel to 
the progress of aerobic granulation during Stage-II. Loss of structural stability 
of the granules was apparent not from the dgra values but from the changes in 
granule morphology, as revealed by a decrease in average shape factor 
values at the final episode of reactor operation, due to occurrence of 
filamentous-outgrowths on surface of granules. 
(vii) Cell-surface hydrophobicity values of the biomass followed an increasing 
trend parallel to progress of granulation. This observation was in line with the 
ones reported in aerobic granular biomass literature. Upon disturbance of the 
granulation process, the %hydrophobicity values were leveled and then 
decreased slightly. 
(viii) Likewise, the absolute values of ExoPS and ExoPN increased upon initiation 
and during progress of aerobic granulation at Stage-II and decreased upon 
disturbance of the granulation process. These observations were also in line 
with those reported in the aerobic granular biomass literature. Moreover, the 
increasing trends of the absolute values of both parameters during Stage-I 
were interpreted as a consequence of extreme shearing conditions applied 
during that stage forcing the biomass to increase its EPS production for 
enhancing its aggregative properties to help be retained in the system.  
(ix) On the other hand, relation between the EPS-composition and the state of 
aerobic granulation determined in this study (increasing ExoPN/ExoPS ratios 
parallel to progress of granulation and decreasing trend upon disturbance of 
granulation) was just the opposite of those reported in most of the studies 
reviewed in this current PhD dissertation, yet were in agreement with some 
other (i.e., McSwain et al., 2005b). 
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(x) Overall COD removal efficiency of the system was almost always over 97%, 
except during the “extensive biomass washout period” and the “minimal-
biomass-episode” prior to start of granulation. During the start-up period, the 
overall COD removal was high (> 97%), yet the anaerobic COD removal 
capacity decreased, coinciding with loss of the EBPR capacity in the system. 
These indicated that the metabolic selection pressure of feeding the system 
at a pulse-feeding mode under anaerobic conditions with a COD:P ratio of 
18.2 mg COD/mg PO4-P, to favor selection of the PAOs became ineffective 
due to extensive biomass washout caused by the extreme shearing 
conditions applied to the system during Stag-I.  
(xi) Upon start of granulation after the “minimal-biomass-episode” (i.e., after 
Day92), overall COD removal efficiency quickly recovered. Restoration of a 
moderate EBPR capacity between Days92-108 coincided with some increase 
in the anaerobic COD removal efficiency of the newly forming granular 
biomass.  
(xii) On the other hand, decrease in EBPR efficiency despite of a slight increase 
in anaerobic COD removal between Days127-136 suggested the presence 
and function of microorganisms (i.e., the denitrifiers or the GAOs) consuming 
the externally available acetate in the absence of oxygen, and not causing a 
significant difference in the bulk-liquid P budget (the denitrifiers or the GAOs). 
In fact, measurement of the effluent NH4-N and Nox-N concentrations on 
Day127 revealed that the nitrifiers were functioning in the system with an 
efficiency as high as 86% (3.12 mg NH4-N/L in the effluent). Concurrently, it 
was possible to state that the denitrifiers, using the nitrate (produced by the 
nitrifiers at the previous aerobic phase and recycled to the beginning of the 
next anaerobic period with a dilution factor of 2 (VW/V0)) as their terminal e-
acceptor while consuming the externally available acetate, were competing 
with the PAOs for the C-source. The presence and functioning of a (relatively 
fast-growing) denitrifying population was speculated to bring a disturbance to 
the metabolic selection pressure to select for the slow-growing PAO-
population, causing a decrease in the relative abundancy of the PAOs. 
Considerably low levels of PAOs detected by FISH experiments supported 
this suggestion to some extent (see Subsection 5.4.1.1 for molecular data).  
(xiii) Upon disturbance of granulation, loss of granule stability, occurrence of 
filamentous-outgrowths on granules’ surfaces, and weakening of the 
metabolic pressure in favor of PAOs, EBPR capacity was eventually lost. 
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5.2 Aerobic Granulation in the Propionate-Fed Reactor 
5.2.1 Hydrodynamic shear rate calculations 
As previously described in Chapter 4, ARC_TUM and PRC_TUM were identical in 
terms of reactor geometry, and the latter was started-up with propionate as the sole 
C-source 40 days after the first one which received acetate as the substrate. In 
order to identify the operational stages of PRC_TUM in terms of the hydraulic 
pressures applied on the system, the hydrodynamic shear rates were calculated 
using the formulae given in Subsection 5.1.1, and following the same calculatory 
procedure as was outlined for ARC_TUM.  
Similar to the case for ARC_TUM, and as reported in Table 4.2, mechanical mixing 
was applied both at the anaerobic- and aerobic-phases, also in PRC_TUM for the 
first 47 days of reactor operation. Thus, for that part of operation, the shear-related 
parameters during the anaerobic phase (PAnaer, GAnaer, vSAnaer) were due to 
mechanical mixing (PMix, GMix, vSMix), whereas those calculated for the aerobic phase 
(PAer, GAer, vSAer) included the ones originating both from application of mechanical 
mixing and introduction of air to secure aerobiosis (PMix, GMix, vSMix and Pair, Gair, vSair, 
respectively). After Day47, and similar to the case for ARC_TUM, application of 
mechanical mixing in PRC_TUM was limited only to the anaerobic phase to avoid 
extreme shearing effect originating from mechanical mixing during the aerobic 
phase. The values of P, G, and shear rates due to mechanical mixing and aeration, 
calculated for different operational configurations and settings applied to PRC_TUM 
are given in Appendix B, Table B.1. The values due to mechanical mixing were 
much higher than those due to aeration, as it was also the case for ARC_TUM. The 
resulting values during the anaerobic- and aerobic-phases, together with the 
minimum levels estimated by ignoring the contribution from aeration, as well as the 
roughly estimated overall values (PTR, GTR, and vSTR) calculated by using Eq. (5.8) 
and taking into account the duration of the anaerobic- and aerobic-phases and 
normalizing to the total react time (in brackets), are presented in Appendix B, Table 
B.2. Changes in values of P and G are also plotted in Figure B.1, together with the 
%distributions during the total react time, estimated from changes in contributions to 
the roughly estimated values for the total react time. 
For the first 46 days of reactor operation, even if contribution from aeration was not 
taken into account, the level of shear stress exerted on the biomass during the 
aerobic phase (TAer; i.e., 3 h 45 min) was as high as that applied during the 
anaerobic phase (TAnaer; 2 h), due to application of mechanical mixing during the 
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entire course of react time (TReact; 5 h 45 min). Thus, the system was under the 
dominant influence of mechanical mixing in terms of shearing effects.  
Changing the operational configuration on Day47, to avoid extreme shearing 
conditions due to mechanical mixing during the aerobic phase, while keeping a 
constant vSair value (1.76 cm/s) very similar to the one applied in ColPRC_TUM (see 
also Subsection 5.3.1), via application of a high Qair value (1800 L/h), resulted in the 
biomass in PCR_TUM to experience a considerably high level of shear stress (due 
to mechanical mixing) during approx. one-thirds of total react time (TAnaer/TReact = 2 h 
/ 5.75 h), and a decreased level of shear stress (due only to aeration) during the 
subsequent two-thirds of the total react time (TAer/TReact = 3.75 h / 5.75 h) (Table 
B.2). In summary, after Day47 the level of overall hydrodynamic shearing conditions 
was significantly lowered by the abovementioned change, when compared to the 
level valid for the period covering the first 47 days of reactor operation (Table B.2), 
and similar to the case for ARC_TUM, the level of shear-related parameters for this 
stage were still higher than those reported in the literature (see Subsection 5.1.1), 
but at the same order of magnitude with the latter. Changes in shear rates due to 
mechanical mixing during the anaerobic- and aerobic-phases and due to aeration 
during the aerobic phase are graphed in Figure 5.15 for the entire course of the 
study, together with the %distributions over the total react time. 
Based on the results of the calculatory procedure (Tables B.1 and B.2, Figure B.1 
and Figure 5.15) and similar to the case for ARC_TUM, the overall operational time 
of PRC_TUM was divided into two main stages: first 46 days of reactor operation 
was named as “Stage-I: Reactor Operation under Extreme Shearing Conditions” 
(covering Stages I-I, I-II, and I-III), and the rest of the operational time (between 
Days47 and 124) was called “Stage-II: Reactor Operation under Decreased 
Shearing Conditions” (covering Stages II-I, II-II, and II-III). Roughly estimated overall 
shear rates during Stages I-I and I-II were the same and as high as 15.8 cm/s (0.46 
and 15.5 cm/s due to aeration and mixing, respectively), and that at Stage I-III was 
as high as 16.6 cm/s (1.76 and 15.5 cm/s due to aeration and mixing, respectively). 
On the other hand, the overall values at Stages II-I, II-II, and II-III were significantly 
lower (6.5, 5.3, and 4.5 cm/s, respectively) than those at the previous stages (Table 
B.2 and Figure 5.15). The values due to aeration and mechanical mixing, 
respectively, at the corresponding stages were 1.76 and 15.5 cm/s (Stage II-I), 1.76 
and 12.0 cm/s (Stage II-II), and 0.49 and 12.0 cm/s (Stage II-III). 
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PRC_TUM: Shear rates due toanaerobic mixing, aerobic mixing, 
aeration, and roughly estimated overall shear rate
0
4
8
12
16
20
1 11 21 31 41 51 61 71 81 91 101 111 121
Operational Time (days)
sh
ea
r 
ra
te
 (c
m
/s
ec
)
0
4
8
12
16
20
sh
ea
r 
ra
te
 (c
m
/s
ec
)
vSAnaerobic= vSMixAnaer vSAerobic=(vSMixAer+vSAir) vSTR
PRC_TUM: % Contribution of shear rates due to mixing and 
aeration to the overall shear rate
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
1 11 21 31 41 51 61 71 81 91 101 111 121
Operational Time (days)
%
 C
on
tr
ib
ut
io
n 
to
 v S
TR
vSMixAnaer / vSTR vSMixAer / vSTR vSAir / vSTR
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.15: PRC_TUM: Shear rates during the anaerobic phase (due to mixing) 
and aerobic phase (due to mechanical mixing and/or aeration), and overall values 
roughly estimated for the total react time: Upper panel: absolute values; lower panel: 
% contribution. 
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5.2.2 Changes in operational parameters  
Similar to ARC_TUM, the parameters selected to exert hydraulic selection pressure 
on the biomass growing in PRC_TUM were the TS (thus vmin) and the shear stress 
(including both vSair and vSMix) to impose an indirect or direct influence to favor 
selection of fast-settling biomass aggregates and to promote initiation, formation, 
and progress of aerobic granulation. TS was decreased from 3 to 1 min on Day25, 
after the start-up period, and Qair was increased from 500 to 1800 L/h on Day38 to 
achieve the abovementioned effects. Similar to that for ARC_TUM, temporal extent 
of mechanical mixing was limited to the anaerobic phase starting on Day47 to avoid 
the extreme hydrodynamic shearing effects due to mechanical mixing during the 
aerobic phase, which resulted in a significant decrease in the overall shear stress 
(vSTR) that the biomass experienced during the total react time. Moreover, speed of 
the mechanical mixer was decreased from 310 to 240 rpm on Day56 to further relax 
the shearing conditions due to mechanical mixing.  
Pulse-feeding was applied as the main strategy to provide high initial substrate 
concentrations in PRC_TUM (1.6 kg COD/m3.d volumetric substrate loading) at the 
beginning of the react time (thus a temporal bulk liquid substrate gradient) in an 
attempt to create a kinetic selection pressure to decrease the overall growth rates in 
the system over the total react time through selection of C-storing and slow-growing 
microorganisms. An anaerobic phase of 2 h, together with a high influent ortho-P 
concentration (at a COD:P ratio of 18.2 mg COD/mg PO4-P), was applied with the 
intention to create a metabolic selection pressure known to promote selection of 
slowly-growing, anaerobically C-storing, and P-removing organisms (PAOs).  
All the changes in operational configuration and settings to maintain the 
abovementioned impacts, as well as the hydraulic-, kinetic-, and metabolic-selection 
pressures-related parameters kept constant throughout the entire operational time of 
PRC_TUM are summarized below in Table 5.5. 
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Table 5.5: PRC_TUM: Constant and Varying Operational Parameters Related to Hydraulic- and Metabolic/Kinetic-Selection Pressures for Granulation 
PRC_TUM:                                                                           Constant Values 
D VO VF VW Hw H/D TC Exchange HRT Hmin TAnaer TF CODRc PO4-PRc COD:Pa CODLoad pH  
cm L L L cm  h ratio hr cm h min mg/L mg/L mg/mg kg/m3.d - 
19 3 3 6 22.5 1.2 6 50% 12.0 11.0 2 5 400 22 18.2 1.6 7-7.2
 
 
 
PRC_TUM: Applied Changes Calculated Changes  
  TReact TMix TAer TS Qair Mixing vmin vSair vSMix vSAnaer vSAer vSTR bSi*/Xi 
Stage Days h h h min L/h rpm cm/min cm/s cm/s cm/s cm/s cm/s mgCOD/mgMLVSS
I-I 1-25 5.75 5.75 3.75 3 500 310 3.7 0.49 15.5 15.5 16.0 15.8 ↓ 
I-II 25-38 “ “ “ 1 “ “ 11.0 “ “ “ “ “ ↑,→ 
I-III 38-46 “ “ “ “ 1800 “ “ 1.76 “ “ 17.3 16.6 ↑↑ 
II-I 47-55 “ 2 “ “ “ “ “ “ “ “ 1.76 6.5 ↓,↑,↓ 
II-II 56-109 “ “ “ “ “ 240 “ “ 12.0 12.0 “ 5.3 ↑↑↑,↓,↓↓↓ 
II-III 109-124 “ “ “ “ 500 “ “ 0.49 “ “ 0.49 4.5 ↓ 
a COD:P=21 instead of 18.2 for Day82-84; b Si*/Xi: Initial biomass loading due only to COD from influent (400 mg COD/mg MLVSS): see Subsection 5.2.6.
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5.2.3 Influence of hydraulic selection pressure parameters on biomass 
compactness and settling properties 
5.2.3.1 Stage-I: “Operation under extreme hydrodynamic shearing 
conditions” 
Stage I-I: (D1-25) 
The MLSS and MLVSS profiles of the biomass maintained in PRC_TUM throughout 
the entire course of the study, as well as the concentrations measured in the effluent 
(ESS, EVSS) are presented below in Figure 5.16. SVI and MLSS values are plotted 
together in Figure 5.17 to visualize the course of changes in compactness and 
settling properties of the biomass cultivated in the reactor.  
The MLSS and SVI values, thus compactness and settling properties, of the 
floccular biomass collected from the same conventional full-scale C-removing 
WWTP at different times and used as the inocula for ARC_TUM and PRC_TUM 
were similar (MLSS and SVI values of 3400 mg/L and 78 mL/g for the former; 3700 
mg/L, <70 mL/g for the latter). Though, in order to speed up elimination of the 
slowly-settling floccular biomass in PRC_TUM as previously mentioned in Chapter 
4, Subsection 4.1.2, a TS value of 3 min (thus vmin of 3.7 cm/min) was applied during 
the start-up period for 25 days, which was significantly lower than that applied for 
ARC_TUM (10 min resulting in a vmin value of 1.1 cm/min). 
During this start-up period, amount of biomass inside PRC_TUM was almost 
doubled, reaching to a level as high as 5000 mg MLSS/L on Day25, and washout of 
floccular biomass was only apparent from the ESS values, which increased from 33 
to 304 mg/L between Days3 and 6, and from 15 to 182 mg/L between Days20 and 
25 (Figure 5.16). Meanwhile the biomass kept its good compactness and settling 
properties during the start-up period, as evident from the stable and considerably 
low SVI values (mostly <70 mL/g) recorded at this stage. 
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PRC: Effluent Quality
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Figure 5.16: PRC_TUM: Biomass formation (upper panel) and effluent quality 
(lower panel). Pictures at the top visually demonstrate the progress of granulation. 
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Stages I-II and I-III (D25-38-46) 
On the 25th day of reactor operation, TS was decreased from 3 to 1 min to further 
impose an indirect selective pressure on the biomass in the direction of discarding 
the slowly settling suspended/floccular biomass from the system and retaining only 
particles with settling velocities higher than 11 cm/min (Table 5.5). The response of 
the biomass to this change was immediate as evident from the dramatic decline in 
MLSS value upon start of Stage I-II (Figure 5.16). MLSS decreased from 5000 mg/L 
to 2500 mg/L within 7 days (Days25 and 32, respectively), and leveled around the 
latter value for the rest of this operational stage with decreased TS and extreme 
hydrodynamic shearing conditions (Table 5.5). The increasing trend of the SVI 
values during Stage I-II, together with the decrease in the biomass concentration 
attained in PRC_TUM (Figure 5.17), indicated that the settling properties and 
compactness of the biomass started to deteriorate under the applied level of 
hydraulic pressures.  
Increasing the shear rate due to aeration (vSair) via increasing Qair from 500 to 1800 
L/h on Day38, did not result in a significant change in the amount of biomass. MLSS 
values were stable around 2000 mg/L during Stage I-III. On the other hand, settling 
properties of the cultivated biomass was improved to some extent, as determined by 
stabilization of the SVI values at around 95 mL/g during this stage. Meanwhile, the 
ESS values also decreased during Stage I-III, pointing to an improvement not only in 
the effluent quality, but also in settling properties of the biomass (Figures 5.17 and 
5.18). Remembering that the system was under the dominant shear-causing 
influence of mechanical mixing both at the anaerobic- and aerobic-phases, resulting 
in overall shear rate values (vSTR) of 15.8 and 16.6 cm/s during Stages I-II and I-III, 
respectively (Table 5.5), the increase in vSair from 0.49 to 1.76 cm/s (Table B.1), thus 
the influence of this change not only on the overall physical stress applied to the 
system, but also on the changes observed in biomass characteristics was 
considered to be insignificant when compared to the impact of the overall extreme 
hydraulic-pressure conditions. 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.17: PRC_TUM: Settling properties of the biomass. The operational stages are the same as seen in Figure 5.16. The scales of the 
pictures at the top are different, yet the pictures demonstrate the visual and qualitative progression of granulation in the SBR. 
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5.2.3.2 Stage-II: “Operation under decreased hydrodynamic shearing 
conditions” 
Stage II-I (D47-55) 
Limiting mechanical mixing only to the anaerobic phase starting on Day47 (Stage-II) 
in order to discard the negative impact of extreme hydrodynamic shearing conditions 
on initiation, formation, and progress of aerobic granulation, enabled operating 
PRC_TUM under a hydrodynamic shear stress significantly lower than those applied 
at the first half of the study (Stage-I) (Table 5.5). 
In addition to that and at the same time with the other two SBRs, the floccular EBPR 
biomass collected from the aeration (nitrification) tank of a full-scale BNR WWTP, 
was added to PRC_TUM on Day47, following the contact-strategy described 
previously in Chapter 4, Subsection 4.1.1. MLSS values for PRC_TUM biomass and 
the EBPR biomass were 572 mg/L and 5930 mg/L, respectively, before preparing 
the biomass mixture from 1 L of EBPR biomass and 3 L of settled (thus 2x 
concentrated) biomass of PRC_TUM, together with 1 L of concentrated feed and 1 L 
of tap water, resulting in a total volume of 6 L for overnight anaerobic/aerobic 
biomass contact set-up. MLSS value of the mixture at the beginning of overnight 
biomass contact was calculated, through a simple mass balance, as 1560 mg/L. 
Next morning (Day48), the biomass mixture was settled and the supernatant was 
withdrawn before starting the new cycle of the SBR. The MLSS value measured by 
the end of this new cycle on Day48 was 1380 mg MLSS/L. Hence, similar to the 
case for ARC_TUM, the sharp increase in MLSS from 572 mg/L on Day47 to 1380 
mg/L on Day48 seen in Figure 5.16 was simply due to addition of the EBPR 
biomass to the reactor.  
The MLSS values of this new biomass mixture fluctuated around 1300 mg/L, the 
ESS values were between 70-150 mg/L, and the SVI was again stable around 95 
mL/g during Stage II-I with decreased hydrodynamic shearing conditions (a vSTR 
value of 6.5 cm/s at Stage II-I, compared to 15.8, and 16.6 cm/s at Stages I-I, I-II 
and I-III, respectively; Table 5.5). Opposite to the case observed for ARC_TUM and 
described in Subsection 5.1.4.2, both the MLSS and the ESS values recorded for 
PRC_TUM after addition of the floccular EBPR biomass on Day47, being at an 
acceptable and fairly constant level indicated that only a minor portion of the added 
EBPR biomass was washed out of the system, and a major portion remained inside 
the reactor during Stage II-I (compare Figures 5.3 and 5.16). 
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It should be noted that, the hydraulic pressure in terms of restricting the biomass 
retention to the aggregates with settling velocities equal to or higher than the 
operationally set values were at low or moderate levels, when the vmin values of 5.5 
cm/min and 11.0 cm/min, resulting from application of settling times of 2 min 
(Days47-53) and 1 min (Days53-56) were compared with the minimum (8-11 
cm/min) and optimum (≥ 20 cm/min) values reported in the aerobic granulation 
literature (See Chapter 2, Subsection 2.5.1 for comparative literature survey). As 
stated previously, limiting mechanical mixing only to the anaerobic period starting on 
Day47 provided a partial relaxation in the level of hydrodynamic shear rate, yet the 
overall value was still high (6.5 cm/s) when compared to the repeatedly reported 
values of 2-2.5 cm/s given in the literature (See Chapter 2, sections 2.5.2, 2.6, and 
2.7 for literature survey). Combining the levels of the two hydraulic selection 
pressure-related elements, the system was considered to be under the influence of 
a considerable level of overall hydraulic pressure. While operating the reactor under 
these conditions, the first few and small biomass aggregates became visible in the 
reactor on Day55, right before the start of the next operational stage. 
Stage II-II (D56-109) 
As stated previously, speed of the mechanical mixer was decreased from 310 to 240 
rpm on the 56th day of reactor operation (Stage II-II), to further reduce the shear rate 
due to mechanical mixing (vSMix decreased from 15.5 to 12.0 cm/s) and to ease its 
contribution to the overall shear rate during the total react time (see also Tables B.1, 
B.2, and Table 5.5, and Figure 5.16). The response of the system to this operational 
change was not immediate, except the initial decrease in biomass concentration 
from 1563 to 880 mg MLSS/L (recorded on Days55 and 60) upon decreasing the 
mixing-related shear stress. For the next 9 days (between Days60 and 69), the 
MLSS values were constant at around 900 mg/L, and both the ESS concentrations 
and the SVI values were stable around 60 mg/L and 90 mL/g, respectively, the latter 
suggesting a fairly compact biomass with acceptable settling properties.  
However, a sudden and extensive biomass washout was observed on Day69, as 
revealed by the significantly high suspended solids concentration of 272 mg/L in the 
effluent. This sudden increase in ESS was accompanied by a dramatic decrease in 
the biomass concentration in the reactor. Within less than a week, almost all of the 
biomass was diluted from the reactor, resulting in an MLSS value as low as 48 mg/L 
on Day75. Concentration of the biomass remaining in the system stayed at a 
minimum level of not more than 70 mg/L for the next 22 days (between Days75-97), 
and the ESS measurements during this “minimal-biomass-episode” revealed that 
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nearly 50% of this minimum amount of biomass was continued to be washed out of 
the systems (Figure 5.16). Meanwhile, it became impossible to record the SVI 
values of the reactor content, simply due to extremely low MLSS values (Figure 5.17). 
This period of “minimal-biomass-episode” (total of 27 days, between Days70-97) 
observed for PRC_TUM was resembling the “minimal-biomass-episode” recorded 
for ARC_TUM; the latter being operated under hydraulic pressure conditions (Stage 
II-I) very similar to those applied in PRC_TUM (Stage II-II) (see Subsection 5.1.4.2 
for discussions on ARC_TUM). Similar to the case reported for ARC_TUM, only very 
few granules (some with filamentous-outgrowths) were present in PRC_TUM, the 
rest of the minimal biomass was floccular, and biofilm formation both on the walls 
and at the bottom of the reactor was extensive. This biofilm-layer was removed from 
the system during periodical reactor cleanings to prevent consumption of the 
externally available C-source by the inhabitants of the biofilm-layer. The amount of 
granules increased in a week, from Day75 to Day82, and continued to increase 
during the following week. The MLSS concentration on Day88 was still significantly 
low (<40 mg/L), yet the reactor contained some floccular biomass, together with 
increased number of granules (some with filamentous-outgrowths on their surfaces). 
Meanwhile, parallel to the increase in number of granules, biofilm formation inside 
the reactor gradually decreased. Yet, extensive foaming was observed during this 
period.  
For both wide-type reactors, these “minimal-biomass-episodes” were determined as 
preceding indicators of initiation, formation and progress of aerobic granulation in 
the systems. The main difference between the two wide-type SBRs was the 
durations of their “minimal-biomass-episodes”. The “minimal-biomass-episode” 
lasted only for a total of 10 days (between Days85-95) in ARC_TUM, whereas that 
in PRC_TUM continued for 27 (between Days70-97).  
By Day96, the supernatant had a soupy-slimy character, just like the case described 
for ARC_TUM prior to start of aerobic granulation in that system, and few granules 
present in PRC_TUM, previously with amorphous morphologies, not only turned into 
large and round ones but also all of them had extensive filamentous-outgrowths on 
their surfaces. Within only one day, the MLSS value was doubled, the amount of 
large-round fluffy granules significantly increased, and granulation became visually 
apparent by Day97 (see also the granule images presented in Figure 5.17). 
Progress of aerobic granulation was also apparent from the dramatic increase in 
average dgra values during this period, as the average value recorded on Day68 
(one day prior to extensive biomass washout) was only 0.3 mm, whereas that 
 222
measured on Day97 (corresponding to the day at which granulation became 
apparent to naked-eye) was as high as 2.1 mm (see also Figure 5.26 for progress of 
granulation in terms of increasing dgra values during this period).  
After the “minimal-biomass-episode”, concentration of the granular biomass in 
PRC_TUM started to increase by Day97, and this increasing trend continued for a 
week, resulting in an MLSS concentration of 400 mg/L on Day102, which was five 
times higher than that measured at the previous week (72 mg MLSS/L on Day97; 
Figure 5.16). By Day102, the biomass in PRC_TUM was determined to be 
comprising of many white-fluffy-big granules. The dramatic increase both in MLSS 
values and in number of filamented-granules continued till the end of Stage II-II 
(Day109). The MLSS values recorded on Days108 and 109 were as high as 1450 
and 2100 mg/L, respectively. Parallel to these, both the biofilm formation and 
foaming occurring in the reactor decreased.  
The ESS values measured during this “filamented-granular biomass formation 
period” (between Days97-109) were higher (approx. 70 mg/L) than those recorded 
during the “minimal-biomass-episode” (average of 23 mg/L between Days70-97), yet 
not at a level to be considered as an indication of a biomass washout incident. 
Meanwhile, it became possible again to measure the SVI values after Day97. The 
values recorded on Days97 and 102 were as high as approx. 400 mL/g, indicating 
that the newly forming granular biomass had not been stabilized in terms of settling 
properties and compactness. These observations were considered as the 
consequence of the granule morphology revealed in extensive filamentous-
outgrowths on granules’ surfaces. In fact, the average shape factor, which is a direct 
measure of surface topology of a granule, was as low as 0.36 on Day97 (lowest 
value among all measured values; see also Figure 5.26), quantitatively 
substantiating the macro-scale observations related with granule characteristics and 
settling properties. Moreover, poor morphology of the granules with extensive 
filamentous outgrowths was considered to prevent the granules to settle efficiently 
within 1 min, causing them to escape to the effluent, thus resulting in increased ESS 
values as mentioned above, despite of progress of granulation in the system. It 
should also be noted here that, some floccular and/or filamented biomass was 
detected inside the reactor during the last week of Stage II-II (Days102-109), and 
this portion was resting on top of the settled granular biomass bed by the end of 1 
min of operationally-set settling time. Combining the level of hydrodynamic shear 
exerted on the biomass during this time period (vSTR= 5.3 cm/s) and observation of 
the filamentous-outgrowths on granules’ surfaces, it was possible to speculate that 
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the floccular and/or filamented biomass inside the system was originating from the 
particles dispatched or sloughed from granules’ surfaces due to high frequency 
particle-to-particle collusion dictated by the considerable level of shear forces and 
the extended granule morphology, and the sloughed particles not being big enough 
or had the chance to flocculate, were escaping to the effluent.  
Nonetheless, it took only 6 more days for the newly forming filamented-granular 
biomass to stabilize in terms of biomass characteristics related with granulation and 
thus settling properties, as evident from the pronounced difference between the SVI 
values measured on Day102 and Day108 (400 mL/g and 114 mL/g, respectively). 
By the last day of Stage II-II (Day109), the biomass in PRC_TUM was a totally 
granular one comprising only of considerably big pink filamented-granules. The 
average dgra value for this totally granular biomass recorded on Day109 was as high 
as 3.31 mm and this was the maximum of all of the values determined during the 
entire course of reactor operation. Stabilization of the granular biomass in terms of 
granulation-related settling characteristics, revealed by the significant decrease in 
SVI values from 417 mL/g on Day97 to 114 mL/g on Day108 (Figure 5.17), was also 
quantitatively substantiated by the improvement in granule morphology, as evident 
from the increase in average shape factor value from 0.36 on Day97 to 0.66 on 
Day109 (see also Figure 5.26), parallel to the decrease in the amount of 
filamentous-outgrowths on granules’ surfaces. Some foaming was still occurring in 
the reactor during aeration. Biofilm formation decreased and minimized during the 
last week of Stage II-II (Days102-109), and ended on Day109. 
Microscopic examination of the granules on Day109 indicated that despite of the 
abovementioned improvement in granule morphology and the decrease in the 
amount of filamentous-outgrowths on granules’ surfaces, the latter was still of 
significance. Most of these filamentous structures were too wide and too long to be 
morphologically classified as filamentous bacteria, and they were suspected to be 
eukaryotic fungi. This speculation was substantiated later to some extent by the 
results of couple of FISH experiments, during which a mixture of three fluorescently-
tagged oligonucleotide probes (EUKMix) targeting the SSU rDNAs of the members 
of domain Eukarya were used. An interesting note for this granular biomass was that 
although totally granular, the biomass had a significantly slimy texture, and it was 
very hard to homogenize the biomass samples prior to EPS extractions and 
%hydrophobicity experiments, as well as for FISH and DGGE procedures.  
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Stage II-III (D109-124) 
To evaluate the effect of further relaxing the shear stress on progress of aerobic 
granulation in PRC_TUM, in other words to verify the role of shear stress on granule 
formation/maintenance, the airflow rate was decreased from 1800 L/h back to 500 
L/h (vSair decreased from 1.76 back to 0.49 cm/s) on Day109. This resulted in a 
decrease of the overall shear level (vSTR) from 5.3 to 4.5 cm/s (Table 5.5). Settling 
velocity was again 11 cm/min (TS= 1 min), as was at the previous stage. The 
dramatic increase in granular biomass formation, which had started on Day97 at the 
previous stage (Stage II-II), continued during the new operational stage (Stage II-III) 
with decreased hydrodynamic shearing conditions, until the end of reactor operation 
on Day124. The MLSS concentration recorded at the last day of operation was as 
high as 4300 mg/L, and the biomass in PRC_TUM was almost totally granular with a 
minor amount of floccular biomass. However, despite of this definite increase in the 
MLSS values, decreasing the aeration-related shear stress (vSair), thus the overall 
shear rate (vSTR) in the system, resulted in a gradual change in the granulation 
process. The amount of pink-fluffy granules continued to increase, though the big 
granules disintegrated into smaller ones during Stage II-III. This was also evident 
from the average dgra values determined right before the start- and at the end- of this 
final operational stage. Average dgra value determined on Day109 was 3.31 mm 
(maximum of all times), whereas it was 2.42 mm on Day124 (see also Figure 5.26).  
The ESS values measured on Days109 and 124 were 41 and 178 mg/L, 
respectively, indicating that the amount of biomass being washed out of the system 
increased during Stage II-III. On the other hand, SVI values on Days109 and 124 
were 130 and 90 mL/g, respectively, indicating that the majority of the biomass 
formed in PRC_TUM during Stage II-III and retained in the reactor due to its 
granular structure had somewhat better settling properties and higher compactness. 
Meanwhile, the average shape factor values determined on the corresponding days 
were the same (0.66), eventhough the decrease in the amount of filamentous-
outgrowths on granule surfaces was still apparent during microscopic examination of 
the biomass samples from the corresponding days. Combining these three 
observations, it was concluded that decreasing the aeration-related hydrodynamic 
shear rate from 1.76 to 0.49 cm/s, thus the overall shear stress from 5.3 to 4.5 cm/s, 
resulted in maintenance of smaller granules, but did not impose a negative impact 
on the granulation process itself, and the concentration of the granular biomass, 
comprised mostly of granules with less filamentous-outgrowths, continuously 
increased during this final stage of reactor operation. Moreover, increased level of 
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suspended solids concentration in the effluent was assumed to be originating from 
the smaller-size biomass particles/aggregates being formed in the system, but were 
unable to stay in the reactor due to the fact that they were not capable of meeting 
the operationally-set vmin value of 11 cm/min as a consequence of their small size, 
thus being diluted from the system.  
It was interesting to note that, contrary to the same values of average shape factor 
(0.66) determined on Days109 and 124, the average roundness values determined 
for the granular biomass sampled at the corresponding days were different (0.82 
and 0.77, respectively) (see also Figure 5.26). This decrease in average roundness 
was attributed to the decrease in contribution of the aeration-related shear rate (vSair) 
to the overall shear stress (vSTR) (contribution decreased from 22% to 7%; see also 
Figure 5.16, lower panel), based on the following explanation: considering that the 
air-flow was perpendicular to reactor cross-section, the influence of aeration-related 
shear force on granule morphology was more likely to be in the direction of 
producing granules with outer-contours closer to a sphere. On the other hand, the 
flow due to mechanical mixing was not initially perpendicular to reactor cross-
section, but rather axial due to the type of impeller used for mixing (axial-flow, 
pitched (32o) blade impeller, with 4-blades, with moderate shear and moderate 
pump capacity characteristics; see also Subsection 5.1.1 for more details), resulting 
in a different trajectory for the granules to follow. Thus the influence of mechanical 
mixing–related shear force on granule morphology was more susceptible to be in 
the direction of producing elliptic-granules, when the axial nature of the mechanical 
mixing-related flow and reactor geometry, both influencing the trajectory, were taken 
into account. Hence, the more the contribution from mechanical mixing-related axial 
shear force to the overall shear rate, the more elliptic the granules became and the 
more diverged the roundness values from value of 1 valid for a sphere.  
5.2.4 Monitoring cell surface hydrophobicity  
The results of the cell surface hydrophobicity measurements for PRC_TUM are 
visually presented in Figure 5.18, where operational stages categorized according to 
the level of shear applied during the corresponding periods, are also marked. The first 
measured value was 35% on Day34, which corresponded to Stage I-II (vSTR= 15.8 
cm/s; extreme shearing conditions). The MLSS concentration on that day was 2850 
mg/L. The value measured on Day46 was as low as 9%. Considering that Day46 
was one day before the end of Stage I-III, during which the reactor was operated 
under the most severe shearing conditions (vSTR= 16.6 cm/s between Days38-47), 
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and the MLSS in the reactor was 572 mg/L, the significant decrease in 
%hydrophobicity values from 35% on Day34 down to 9% on Day46 was considered 
to be due to the severe shearing conditions (which resulted in a considerable 
biomass washout and eventually in a significant decrease in MLSS values), having a 
negative influence on the amount of retainable biomass, rather than having a direct 
negative impact on cell surface properties of the remaining biomass.  
The value measured on Day47 (11%) was higher than that measured on Day46 
(9%). This increase in one day was not due to the influence of changing the 
operational configuration in the direction of avoiding extreme shearing conditions, 
but due to addition of the EBPR biomass with MLSS and %hydrophobicity values 
considerably higher than those of the biomass in PRC_TUM. The %hydrophobicity 
values of the biomass measured on Days55 and 69 were even lower (5 % and 1%, 
respectively; Figure 5.18). The continuously decreasing trend in %hydrophobicity 
values between Days47 and 55 of Stage II-I and Day69 of Stage II-II, overlapped 
with the “biomass washout period”, during which the MLSS values decreased from 
around 1560 mg/L on Days47 and 55, down to 922 mg/L on Day69, right before the 
beginning of the “minimal-biomass-episode” described in the previous subsection 
(see also Figure 5.16).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.18: PRC_TUM: Changes in % hydrophobicity values 
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Upon start of aerobic granulation and increase in number of granules, together with 
the increase in biomass concentration observed at the middle of Stage II-II, the 
%hydrophobicity value increased dramatically first up to 25% on Day80, and then 
leveled at around 20% for the rest of reactor operational, including the remaining 
days of Stage II-II (decreased shearing conditions), and the entire temporal extent of 
Stage II-III (lowest shearing conditions) (Figure 5.18). 
To further substantiate the indirect yet detrimental impact of extreme shearing 
conditions and the positive influence of relaxing the shear stress on the changes in 
%hydrophobicity values, the level of decrease recorded during Stages I-II and I-III, 
and the level of increase determined at Stages II-II and II-III were compared. As 
apparent from Figure 5.18, the decrease in %hydrophobicity values in 12 days 
during the last periods of Stage-I was 26% (from 15% on Day34 to 9% on Day46), 
and the increase in 11 days during the first half of Stage-II was 24% (from 1% on 
Day69 to 25% on Day80). This comparison substantiated the detrimental influence 
of extreme shearing conditions on the granulation process, as evident from the 
significant decrease in %hydrophobicity, and further suggested that it was possible 
to reverse this effect via relaxing the level of overall shear applied in the system. 
In summary, extreme shearing conditions applied during Stage-I had a detrimental 
impact on the system in terms of granulation, as was evident from the dramatic 
decrease in the %hydrophobicity values recorded at this stage, and it was only after 
the “minimal-biomass-episode” and upon initiation of granulation at Stage-II with 
decreased shearing conditions that a dramatic increase in cell surface 
hydrophobicity value was realized. Observation of a definite raise in 
%hydrophobicity value upon initiation of aerobic granulation in PRC_TUM was in 
agreement with the observations recorded in the literature (see Chapter 2, Sections 
2.5, 2.6, and 2.7 for a comparative literature review including this issue).  
5.2.5 Monitoring Extracellular Polymeric Substances (EPS) 
5.2.5.1 Relation between applied shear and EPS-production 
The level of EPS produced by the microorganisms cultivated in PRC_TUM was also 
monitored throughout the entire course of reactor operation, to relate the changes in 
ExoPS and ExoPN production with the level of applied hydrodynamic shear stress, 
and with progress of aerobic granulation observed in PRC_TUM. Results are plotted 
in Figure 5.19, together with the operational stages. As can be seen from the graph, 
ExoPS-production was at the same level for Days25 (last day of Stage I-I) and 35 
(Stage I-II), corresponding to operation under extreme hydrodynamic shearing 
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conditions. Same observation was also valid for ExoPN-production at the 
corresponding days. It was interesting to note that the there was a significant 
difference in the amount of biomass measured on these days (5023 and 2350 mg 
MLSS/L, respectively). This suggested that decreasing the settling time from 3 to 1 
min on Day25 resulted in the start of an extensive biomass washout, and despite of 
considerably decreased amount of biomass, continuing with application of shearing 
conditions at the same extreme level (vSTR= 15.8 cm/s both at Stages I-I and I-II) 
had already triggered an increase in production of the EPS-associated parameters 
per amount of biomass, as evident from the ExoPS/VSS ratios determined as being 
0.026 and 0.054 mg glucose/mg MLVSS on Days25 and 35, respectively, as well as 
the ExoPN/VSS ratios determined as being 0.09 and 0.17 mg BSA/mg MLVSS on 
the same days, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.19: PRC_TUM: Changes in ExoPS- and ExoPN-production. The bars 
indicate standard deviations. 
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These trends were followed by dramatic decreases in production of ExoPS and 
ExoPN on Day46, which corresponded to the last day of Stage I-III of operation 
under the most severe shearing conditions. The biomass concentration on Day46 
was almost 10x lower than that on Day25 (572 and 5023 mg MLSS/L, respectively), 
though the amounts of EPS-related parameters per unit mass of biomass were at 
the same order of magnitude on these days (0.032 versus 0.026 mg glucose/mg 
MLVSS on Days46 and 25, respectively, 0.13 versus 0.09 mg BSA/mg MLVSS). 
These evaluations, combined with the previous one, suggested that eventhough the 
absolute values of the ExoPS and ExoPN measured in the biomass samples 
harvested at Stage I-III (most severe shearing conditions) were considerably lower, 
simply due to the lower amount of biomass left in the reactor, the remaining biomass 
was producing significant levels of EPS-associated materials to help increase their 
aggregative properties in order to cope with the extreme physical stress (extreme 
shear rates) and thus to be able to stay inside the reactor. 
The ExoPS and ExoPN values determined for Day47 were those of the biomass 
mixture prepared for overnight biomass contact set-up from 3-parts of two-folds 
concentrated PRC_TUM biomass and 1-part of the EBPR biomass (in total of 6-
parts). As apparent from Figure 5.19, biomass responded immediately and 
significantly to the operational change applied to relax the overall hydrodynamic 
shear stress at the second main stage of reactor operation. The ExoPS and ExoPN 
absolute values measured on Day55 were considerably higher than those measured 
right before the beginning of Stage II-I on Day47. Moreover, the amount of EPS-
associated materials per unit mass of biomass were doubled from Day47 to Day55 
(0.025 compared to 0.05 mg glucose/mg MLVSS, and 0.12 compared to 0.33 mg 
BSA/mg MLVSS, on the respective days). It should be noted once more that, Day55 
was the time point when small biomass aggregates became apparent to naked-eye 
for the first time in PRC_TUM. 
The absolute values determined for the following time point (Day69) were lower than 
those for the previous one (Day55), and there was a decrease in the MLSS values 
between these days (1560 and 920 mg MLSS/L, respectively), resulting together in 
ExoPS/VSS and ExoPN/VSS ratios at similar levels on both days (0.050 and 0.063 
mg glucose/mg VSS, and 0.33 and 0.30 mg BSA/mg VSS, on the respective days). 
At first, these observations suggested a decrease in production of EPS-associated 
materials as a consequence of decreasing the shear rates (vSTR decreased from 6.5 
to 5.3 cm/s between Days55 and 69). Yet, remembering that Day69 was the time 
point right before the start of “minimal-biomass-episode”, followed by rapid increase 
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in the amount of granules, the absolute values of EPS-associated materials on that 
day being lower relative to those on the previous one, were attributed simply to the 
difference between the MLSS levels on the corresponding days, rather than being 
due direct to decreasing the shear rates. 
The ExoPS and ExoPN values, measured on Day109 were the maximal of all times 
(Figure 5.19). Similarly, the ExoPN/VSS and ExoPN/VSS ratios determined for 
Day109 (last day of Stage II-II), were also the maximal of all the values determined 
during the entire course of the study (0.16 mg glucose/mg VSS and 0.34 mg 
BSA/mg VSS, respectively). Moreover, as previously described in Subsection 
5.2.3.2, the average values of the granule size and morphology-related parameters -
dgra, shape factor, and roundness- also reached to maximal levels on the same day 
(3.31 mm, 0.66, and 0.82, respectively), and the biomass was almost totally granular 
with less filamentous-outgrowth on granules’ surfaces, a small portion of 
floccular/filamented biomass, and with improved settling properties and relatively 
high compactness. Thus, combining these three sets of observations about the level 
of EPS-related materials, the characteristics of the granules formed in the system, 
and the settling properties of the granular biomass, it was concluded that aerobic 
granulation process was at its optimum level by the end of Stage II-II (Day109) 
during which the progressively granulating biomass experienced decreased overall 
hydrodynamic shearing rates (vSTR= 5.3 cm/s). 
Concomitant with the observation of an increase in the amount of floccular biomass 
formed in the system, and a decrease in size of granules despite of increasing 
MLSS concentrations towards the end of the final stage (Stage II-III), a decrease 
was also recorded in the amounts of ExoPS and ExoPN produced by the biomass. 
The absolute values measured on Day124 were comparable to those recorded on 
Day69 (Figure 5.19). However, the amounts of EPS-associated materials per unit 
mass of biomass calculated for Day124 for the biomass, comprising mostly of 
granules but including also some floccular portion, were much lower than those 
determined for Day69, and were comparable to the ratios determined on Day25 for 
the totally floccular biomass. This latter comparison highlighted the need to evaluate 
the EPS-production data not only in terms of measured absolute values, but also in 
terms of production levels relative to the amount of biomass present in the system.  
In summary, the abovementioned results suggested a direct correlation between the 
relative degree of changes in production of EPS-fractions and the state of 
granulation; the latter being influenced by the level of applied hydrodynamic 
shearing conditions.  
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5.2.5.2 Relation between applied shear and EPS-composition 
Changes in the composition of the EPS (ExoPN/ExoPS) produced by the biomass in 
PRC_TUM are plotted in Figure 5.20, to show the variations in relation with altered 
shearing conditions and consequent progress of granulation. The graph seen in 
Figure 5.20 clearly shows that the composition of EPS, changed significantly in time 
and also parallel to the changes in level of shear applied on the biomass, and more 
apparently in relation with the state of granulation. During the first half of the study 
with extreme hydrodynamic shearing conditions (data points of Day25-35-46), the 
ExoPN/ExoPS ratio stayed around the same level, indicating that the EPS, 
produced by the biomass to cope with extreme conditions, was of the same nature.  
There was a significant increase in the relative amount of ExoPN upon relaxing the 
overall shear stress (Stage II-I) and observation of small biomass aggregates for the 
first time in the reactor on Day55 (increase from 4.0 to 6.7 mg BSA/mg glucose 
between Days46 and 55, excluding the datum on Day47 affected by addition of the 
EBPR biomass). In other words, the nature of the EPS-matrix shifted in the direction 
of including more ExoPN than before. However, this change in EPS-composition 
was not permanent, and the data on Days55, 69, and 109 (the first corresponding to 
the last day of Stage II-I, the second to the day right before the start of “minimal-
biomass-episode”, and the third to the last day of Stage II-II), revealed a continuous 
increase in the level of ExoPS production relative to one preceding data point.  
 
 
 
 
 
 
 
 
 
 
 
Figure 5.20: PRC_TUM: EPS-composition expressed in terms of ExoPN/ExoPS 
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This was reversed during Stage II-III as evident from the ExoPN/ExoPS ratio 
recorded on the last day (Day124) of operation with lowest shear rates and for the 
biomass comprising mostly of smaller granules, together with some floccular portion. 
Although the overall conclusion from the results presented above was that the 
composition of EPS produced by the biomass in PRC_TUM was directly related to 
the state of the granulation, which was notably influenced by the level of shear 
applied to the system, the ExoPN/ExoPS patterns during Stage-II, was quite the 
opposite of the ones observed for the biomass cultivated in ARC_TUM under the 
same decreased and lowest hydrodynamic shearing conditions. This difference is 
left open for discussion, and as a starting point, it is suggested here that the 
difference between these two cases in terms of changes in EPS-compositions in 
relation with altered operational conditions and subsequent progress of granulation 
was due to the fact that aerobic granulation seemed to progress differently in these 
systems, as partly hinted by the differences in time of start of initial biomass 
washout, in duration of continuous biomass washout, in amount and characteristics 
of the biomass being originally present in the systems prior to addition of the EBPR 
biomass, in time of start of granulation, in temporal extent of the “minimal-biomass-
episodes”, and in time required for granulation to become apparent. 
The abovementioned points also suggested revision of the conclusions derived for 
the changes in the EPS-composition of the biomass in ARC_TUM, in relation with 
the applied shearing conditions and state of granulation (Subsection 5.1.6.2). As 
stated previously, the absolute values of ExoPS and ExoPN determined both for 
ARC_TUM and for PRC_TUM on the days (Day127 and Day109, respectively) at 
which the biomass in these reactors were determined to be almost totally granular 
with improved settling properties and high compactness, as well as with highest 
average dgra-, shape factor-, and roundness values, were significantly higher than 
those determined on days at which the biomass in these SBRs were determined to 
be either at a transient state prior to the start of granulation becoming apparent (i.e., 
Day103 for ARC_TUM and Day69 for PRC_TUM), or were a mixture of granules 
and floccular portions (Day163 for ARC_TUM and Day124 for PRC_TUM). These 
results are in line with the ones reported not only i.e., by Qin et al. (2004a,b), Tay et 
al. (2001a,b), Tay et al. (2002), but also by McSwain et al. (2004a and 2005b). 
In contrast, it was not possible to reach to a consensus on the changes in the EPS-
composition in relation with applied hydraulic pressures and progress of granulation, 
when the results obtained for ARC_TUM and PRC_TUM were considered, and 
compared with those given in the literature, which also included results contradicting 
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with each other. As stated in Subsection 5.1.6.2, McSwain et al. (2004a and 2005b) 
attributed the discrepancy between their results and the general observations 
reported in the literature to application of different EPS-extraction methods in the 
compared studies. However, remembering that not only the materials used during 
the EPS-extraction procedure, but also the protocol followed by McSwain and her 
co-authors and by the author of this current PhD dissertation, was the same 
(extraction with DOWEX cation exchange resin), and was different than those used 
by the abovementioned researchers, it was not possible to attribute the differences 
between the data obtained for ARC_TUM and PRC_TUM, as well as the differences 
between these data and the ones reported in the relevant studies, only to the 
difference in the employed extraction procedures. Thus, within the framework of this 
current PhD dissertation, it was concluded that both ExoPS and ExoPN can be used 
as indicative parameters to monitor and confirm progress of aerobic granulation, but 
it might be better to exclude the EPS-composition as a parameter relevant to 
granulation. The latter suggestion is in line with the fact that the EPS-matrix is a 
lump-sum of different extracellular biopolymers and molecules, which are produced 
in different compositions and in different relative amounts by aggregative biomass 
consisting of different microbial communities (Chapter 2, Subsection 2.4).  
As stated before, there is a relation between cell surface characteristics, i.e. 
%hydrophobicity, and the EPS-matrix, where microorganisms are tightly packed and 
embedded. To demonstrate this relationship, %hydrophobicity values are plotted 
together with the ExoPN/ExoPS ratios in Figure 5.21.  
Similar -to some extent- to the case presented for ARC_TUM (Subsection 5.1.6.2, 
Figure 5.9), the graph given in Figure 5.21 indicates that at Stage-II, during which 
progress of aerobic granulation in PRC_TUM under relaxed shearing conditions was 
justified with various data, changes in cell surface hydrophobicity values were 
directly related with the changes in the EPS-composition, in an inversely 
proportioned manner. That is, increasing trends of %hydrophobicity values were 
accompanied by decreasing trends of ExoPN/ExoPS ratios.. The opposing 
relationship between these parameters was contrary to the parallel relationship 
determined for the biomass cultured in ARC_TUM, once more indicating that the 
nature and progress of granulation in these two systems were different.  
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Figure 5.21: PRC_TUM: Relation between ExoPN/ExoPS ratios and 
%hydrophobicity 
Two more conclusions were derived from Figure 5.21: (i) the detrimental impact of 
biomass washout at Day35-46 (extreme shearing conditions) was more pronounced 
on %hydrophobicity than on EPS-composition, and (ii) the positive influence of the 
“minimal-biomass-episode and subsequent rapid progress of granulation” at Day69-
109, was much more apparent for %hydrophobicity than for EPS-composition. 
5.2.6 Parameters related with metabolic- and kinetic-selection pressures 
The parameters selected to describe metabolic/kinetic selection pressures applied 
to and occurred in PRC_TUM were the same as those determined for ARC_TUM in 
Subsection 5.1.7. Changes in the levels of these parameters calculated for 
PRC_TUM by using the expressions given in Eq.s (5.9)-(5.13) are plotted in Figure 
5.22, together with operational stages with different shearing conditions. 
As can be seen from Figure 5.22, all the volumetric biomass loading values 
fluctuated around 0.12-0.25 (mg COD/mg MLVSS) between Days1-41, covering 
almost the entire course of Stage-I (relaxed or moderate settling velocities, yet 
extreme shearing conditions). On Day46, which corresponded to the last day of 
Stage I-III with the most severe shearing conditions, both the initial- and the total 
initial anaerobic- volumetric biomass loadings (Si*/Xi and STAnaer/Xi, respectively) 
were significantly higher (0.75 and 0.84 mg COD/mg MLVSS, respectively) 
compared to the constant trends valid until that day. In contrast, the total initial 
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aerobic biomass loading value (STAer/Xi) on Day46 was much lower than the 
previous ones (0.36 mg COD/mg MLVSS) (Figure 5.22). Addition of the EBPR 
biomass to the system on Day47, marking the start of Stage II-I at which the overall 
shear stress applied to the system (vSTR) was decreased from 16.6 cm/s to 6.5 cm/s 
while keeping the same settling velocity of 11.0 cm/min, resulted in a decrease both 
in the Si*/Xi and STAnaer/Xi values, simply due to the increase in MLVSS values. This 
decrease continued till the end of Stage II-I. On the other hand, the STAer/Xi values 
followed an increasing trend during the same period, indicating that less COD was 
being removed during the anaerobic phase, and more externally available 
propionate leaked to the aerobic phase at which fast growth directly on propionate 
became possible (realization of a feast period) parallel to aerobic C-storage.  
By Day60, values of all of the volumetric biomass loadings were the same (0.58 mg 
COD/mg MLVSS), translating into an AnaerLoad/AerLoad value of 1, which suggested 
that there was no anaerobic COD-removal on that day and all of the COD-removal  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.22: PRC_TUM: Changes in volumetric biomass loading values. The 
horizontal line marks a value of 1 being the theoretical minimum for the 
AnaerLoad/AerLoad parameter.  
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was due to aerobic metabolism. This also meant that the metabolic selection 
pressure in favor anaerobically C-storing and aerobically slowly-growing 
microorganisms was not in action, and the balance between the metabolic- and the 
kinetic-selections (expressed by the AnaerLoad/AerLoad parameter) was in the 
direction of the latter. Similar to the case defined for ARC_TUM (Figure 5.9), the 
significantly high levels of volumetric biomass loading values (supposed to translate 
into high metabolic/kinetic selection pressures in the direction of favoring slow-
growers) recorded for PRC_TUM after Day69 till Day97 (“minimal-biomass-episode” 
and most of the subsequent period of increase in number of granules), became 
irrelevant simply due to the impossibility of attaining an acceptable level of biomass, 
hence high propionate conversion rates of any kind (neither anaerobic or aerobic) 
inside the reactor operated under decreased shear stress (vSTR= 5.3 cm/s). The 
natural consequence of this was an almost constant AnaerLoad/AerLoad value of less 
than 1.07 mg COD/mg MLVSS (Figure 5.22). The significant gap between Si*/Xi 
values and STAnaer/Xi, STAer/Xi parameters seen in Figure 5.22 also indicated that the 
overall COD-removal performance of the minimal biomass remained in the system 
was considerably poor, the COD values recorded both by the end of the anaerobic- 
and aerobic-phases were higher than that supplied to the system from the influent 
stream, thus propionate was leaking to the effluent (as also evident from the data 
plotted on the graph given at the second panel of Figure 5.23). 
After realization of the peak values for all volumetric initial biomass loading 
parameters on Day96 (values as high as 22.6 for total initial loads at the anaerobic- 
and aerobic-phases and 13.1 for initial load only from influent), the values dropped 
significantly on the next day (Day97) concomitant with doubling of the biomass 
concentration, and then decreased immensely first down to 1.41 for STAnaer/Xi, 1.18 
for STAer/Xi, and 1.14 for Si*/Xi on Day102, and then to as low as 0.24 for the first, 
0.19 for the second, and 0.22 for the last parameter (all in mg COD/mg MLVSS) on 
Day109 (last day of Stage II-II with decreased shear), when the biomass properties 
were maximized in terms of characteristics related with granulation.  
The more crucial difference in terms of shift in the balance between the metabolic- 
and the kinetic-selection pressures (expressed by the AnaerLoad/AerLoad parameter) 
in the direction of the metabolic pressure being more dominant than the kinetic 
pressure, was that the AnaerLoad/AerLoad ratio started to diverge on Day97 from its 
constant level of 1.01 (mg COD/mg COD) realized during the “minimal-biomass-
episode” and also during most of the subsequent period of increased amounts of 
granules, and its increasing trend continued at the period between Day97-109, 
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during which progress of aerobic granulation was resulted in a continuous increase 
in the amount of biomass comprising mostly of aerobic granules. AnaerLoad/AerLoad 
ratio eventually reached to its maximum level of 1.26 mg COD/mg COD on Day109.  
These high AnaerLoad/AerLoad values suggested an increase in metabolic selection 
pressure promoting the growth of microorganisms with the capability of consuming 
externally available C-source and converting it to intracellular C-storage products 
under anaerobic conditions and then growing slowly on the latter in the presence of 
oxygen as the external terminal e-acceptor, who are also susceptible of developing 
strategies (like improving their properties related with transitioning from a dispersive-
physiology to an adhesive/aggregative state of existence) to increase their chances 
to be retained in the system despite of their relatively slow growth rates. After 
securing a high metabolic selection pressure, further decreasing the shear rate from 
5.3 to 4.5 cm/s during the final stage (Stage II-III) did not cause a significant 
difference in the AnaerLoad/AerLoad values, and in the volumetric loadings, despite of 
the increase in the amount of granular biomass cultivated in PRC_TUM (MLSS 
increased from 2100 mg/L on Day109 to 4300 mg/L on Day124).  
This final statement suggested a parallelism with the consideration that in the 
systems where metabolic selection prevails, the influence of the hydraulic selection 
pressure on progress of granulation relaxes (Chapter 2, Subsection 2.3.2.1). 
However, considering that the level of the overall hydrodynamic shear rate (vSTR= 
4.5 cm/s) was the lowest among the ones applied during the entire course of reactor 
operation, yet still higher than the vSair values of 2-2.5 cm/s reported in the literature 
to be approprioate to promote aerobic granulation, it could be stated that 
eventhough the biomass in PRC_TUM was subjected to a high metabolic selection 
pressure in favor of slow-growers with a preference of aggregative physiology, the 
impact of the hydraulic pressure-related parameters, more specifically the hydrodynamic 
shear rates, were still of significance in terms of progress of aerobic granulation. 
5.2.7 Influence of metabolic- and kinetic-selection pressures on removal 
efficiencies and progress of granulation 
The COD- and P-removal performances of the biomass cultivated in PRC_TUM 
were monitored throughout the entire course of the study and the results are plotted 
in Figures 5.23 and 5.24, respectively as absolute values by the end of the 
anaerobic- and aerobic-phases. Anaerobic- and aerobic-COD removal efficiencies 
are plotted together with overall efficiencies to help describe the relation between 
the COD-removal performance of the biomass and the C-storage, feast-, and 
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famine-phases. Initial COD concentrations in the reactor originating only from the 
influent (Si*), and the initial volumetric biomass loading values (Si*/Xi) are also 
plotted in Figure 5.23. The dark-shaded areas marked on the % COD-removal graph 
seen at the lower panel in Figure 5.23, represent the contribution of anaerobic-COD 
consumption to the overall COD-removal performance, whereas the light-shaded 
areas correspond to that of the aerobic COD-removal. “End of anaerobic period” 
values were not available for the data points marked solely with blank bars 
representing the overall COD-removal performance. 
The first measurements on the 11th day of reactor operation indicated that the seed 
biomass had already adapted to metabolize propionate, as evident from a COD-
removal efficiency of 95%. On Day46, marking the last day of Stage-I with extreme 
shear rates, despite of the biomass concentration being relatively lower than that on 
Day11 (1900 compared to 4500 mg MLSS/L) overall COD-removal efficiency was 
still high (88%) and 64% of that was realized at the anaerobic- and 24% was 
realized at the aerobic-phases. The corresponding AnaerLoad/AerLoad value was as 
high as 2.34 mg COD/mg COD, indicating a high metabolic pressure in favor of 
selecting for slowly-growing microorganisms.  
Addition of the floccular EBPR biomass to the system on Day47 resulted in an 
enhancement in the COD-removal performance of the system and the overall COD-
removal increased to 95% on Day48 and stayed at this high level during Stage II-I 
(decreased shearing conditions). Meanwhile, the initial volumetric biomass loading 
(Si*/Xi) was at a fairly constant level between Days1-55, covering the start-up period 
(Days1-25), the rest of Stage-I, and entire course of Stage II-I (upper panel in Figure 
5.23), showing that the amount of biomass in PRC_TUM was at an acceptable level 
throughout these periods. This fairly constant trend of Si*/Xi continued until Day70, 
but the COD values by the end of anaerobic-phase on Days60 and 69 were higher 
than the initial instantaneous COD (Si*) that the biomass received from the influent 
at the beginning of the anaerobic-period, indicating that the anaerobic COD-removal 
capacity of the biomass was almost zero. On Day69, which was the day before the 
start of the “minimal-biomass-episode”, the overall COD-removal efficiency was 
82%, and almost all of the externally available propionate supplied to the system 
from the influent and originating from the effluent recycled to the beginning of the 
anaerobic-phase from the previous cycle, bypassed the anaerobic phase (anaerobic 
COD-removal efficiency; 4%) and leaked to the subsequent aerobic phase, where 
fast and direct growth on propionate (feast phase) became possible together with 
aerobic C-storage (aerobic COD-removal: 79%) (Figure 5.23). 
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Figure 5.23: PRC_TUM: Anaerobic-, aerobic-, and overall-COD removal 
performance, in relation with initial biomass loading and stages of altered 
hydrodynamic shearing conditions. 
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There was a dramatic decrease in the COD-removal performance of the biomass 
upon realization of the “minimal-biomass-episode” at Stage II-II (decreased shearing 
conditions), as evident from the COD values by the end of the anaerobic- and 
aerobic-phases on Day75 being as high as 716 and 644 mg/L, respectively, 
resulting in removal efficiencies as low as 2% and 18% for the relevant phases and 
20% for the total react time (mid and lower panels of Figure 5.23). The 
corresponding initial volumetric biomass loading was as high as 9.1 mg COD/mg 
MLVSS (upper panel of Figure 5.23) and as stated at the previous subsection, both 
the STAnaer/Xi and STAer/Xi loading values were even higher than this value (Figure 
5.22), simply due to the extremely low level of biomass in the system.  
Significantly high levels of Si*/Xi and CODs at the end of the anaerobic- and aerobic-
phases, as well as considerably low levels of anaerobic-, aerobic-, and overall-COD 
removal efficiencies were valid throughout the “minimal-biomass-episode” between 
Days70-97, but parallel to the increase in number of aerobic granules formed and 
retained in PRC_TUM, the COD-removal capacity of the system started to improve, 
as can be seen from the data plotted on the mid- and lower-panels of Figure 5.23. 
As stated previously, Day97 was the day when aerobic granulation became visually 
apparent for the second time, and MLSS concentration was two-folds of that 
measured at the previous data point (Subsection 5.2.3.2). On the same day, 
marking the end of the “minimal-biomass-episode” and start of “progress of aerobic 
granulation” in PRC_TUM, the COD-removal efficiencies were 11%, 20% and 31% 
for the anaerobic-, aerobic-phases, and for the total react time, respectively (lower 
panel of Figure 5.23). Parallel to the progress of aerobic granulation, thus fast 
increase in the concentration of the mostly-granular aerobic biomass observed after 
Day97 till Day109, COD-removal capacity of the system increased significantly 
within 12 days and reached to values of 21% and 73% for the anaerobic- and 
aerobic-phases on Day109. Corresponding AnaerLoad/AerLoad was maximum of all 
times (1.25 mg COD/mg COD, except for the value on Day46), translating into a 
reasonable metabolic selection pressure in favor of selecting for anaerobically C-
storing and aerobically slowly-growing microorganisms (like PAOs and/or GAOs) 
speculated to have a preference of adhesive/aggregative existence. Though, most 
of the overall COD-removal in the system was due to aerobic metabolism, indicating 
that the bacterial community of the newly formed granular biomass had also the 
chance to grow directly, thus rapidly, on the externally available propionate during 
the aerobic phase, simultaneous to aerobic C-storage, which was a threat for the 
effectiveness of the metabolic selection pressure in favor of anaerobically C-storing 
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organisms. Decreasing the shear at the last stage (Stage II-III; Days109-124), while 
keeping the same settling velocity, did not cause a difference in COD-removal 
efficiencies of the biomass, as evident from the values plotted for Day124 at the 
mid- and lower panels of Figure 5.23. The only minor difference was at the 
anaerobic COD-removal performance which decreased from 21% on Day109 to 
18% on Day124 for the almost totally granular biomass with big granules and for the 
biomass comprising mostly of smaller granules and also some floccular portion, 
respectively. 
Changes in the trends of Si*/Xi, CODs by the end of the anaerobic- and aerobic-
phases, and overall COD-removal efficiencies in relation with changes in MLSS 
concentrations, the hydrodynamic shearing conditions, the metabolic/kinetic-
selection pressures-related parameters, and progress of aerobic granulation 
observed in PRC_TUM, were similar to the ones determined for ARC_TUM at 
Subsection 5.1.8 (compare Figure 5.23 with Figure 5.10). 
Considering the bulk liquid ortho-P value measured on Day11 (Figure 5.24), it was 
certain that the biomass present in PRC_TUM was not acting as an EBPR biomass. 
Although, the next data point was on Day46, thus it was not possible to determine 
the exact evolution of the EBPR performance during Stage-I (extreme shearing 
conditions), it was still possible to state that despite of some biomass washout after 
the start-up period, there was an improvement in the EBPR performance of the 
biomass in PRC_TUM, as revealed by the ortho-P values measured by the end of 
anaerobic- and aerobic-phases on Day46 (Figure 5.24). P-removal efficiency 
increased from 0% on Day11 to 20% on Day46 and 18% on Day47 (the latter value 
corresponding to the P-removal efficiency of the biomass originally present in 
PRC_TUM before mixing it with the EBPR biomass for overnight biomass contact). 
Thus, by comparing the data recorded on these three time points, it was possible to 
state that a PAO-population had gradually grown in PRC_TUM during the first main 
stage of reactor operation, despite of the extreme physical stress exerted on the 
biomass, probably owing to the metabolic-PAO-selection strategies of supplying 
high levels of ortho-P to the system (pulse feeding under anaerobic conditions at a 
COD:P ratio of 18.2 mg COD/mg PO4-P) and operating the reactor with an 
anaerobic period of 2-h prior to start of the aerobic phase. 
As expected, addition of the EBPR biomass provided an improvement in the EBPR 
performance, as evident from 33% of P-removal recorded on Day53, but this 
improvement did not last long, and the EBPR efficiency decreased first back to 22%  
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Figure 5.24: PRC_TUM: Ortho-P dynamics and changes in P-removal performance 
of the biomass. Pi*: Initial bulk liquid ortho-P concentration excluding contribution 
from the effluent recycled from the previous cycle to the anaerobic period of the next 
cycle. 
on Day55 (the day before relaxing the shear rate via decreasing the speed of the 
mechanical mixer from 310 to 240 rpm), and zeroed on Day60. This non-EBPR 
state continued during the periods of “minimal-biomass-episode” (between Day70-
97), “rapid increase in the numbers of the aerobic granules” (between Days75-97), 
and “progress of aerobic granulation” (between Days97-109) (Figure 5.24).  
Comparative evaluation of the ortho-P dynamics given in Figure 5.24 for this non-
EBPR period and the COD-dynamics presented in Figure 5.23, revealed that 
despite of high levels of overall COD-removal efficiencies recorded on Days60 and 
69, and then the observed improvement in anaerobic- (as well as aerobic-) and 
overall-COD removal performances after Day75, EBPR was not being exercised by 
the microbial community comprising first the minimal- then the mostly granular- 
biomass of PRC_TUM. These observations suggested that the PAOs were either 
not present in the system or were not active during this period, and the anaerobic-
COD removal was due to presence and function of organisms other than the PAOs.  
The suggestion of PAOs being absent (or at significantly low levels) during this 
period of non-EBPR performance was supported to some extent by the molecular 
data harvested from FISH experiments conducted on the biomass samples collected 
from PRC_TUM at the time points covering this period, with application of a probe 
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mixture of three oligonucleotides targeting the PAO-clusters phylogenetically 
assigned as Candidatus Accumulibacter phosphatis (see Section 5.4 for details on 
molecular characterization of the biomass cultivated in PRC_TUM). 
Interestingly, the ortho-P concentrations measured by the end of the anaerobic- and 
aerobic periods on the last day of reactor operation were 30 and 16 mg PO4-P/L, 
respectively, translating to an EBPR efficiency of 64% (Figure 5.24). This final 
observation suggested that at Stage II-III of “operation under lowest hydrodynamic 
shearing conditions”, during which the MLSS concentration markedly increased 
(2090 mg/L on Day109 and 4290 mg/L on Day124), and the resulting biomass 
comprised of smaller aerobic granules together with some floccular portion, a PAO-
population grew in the system at a level enabling the realization of the maximum 
EBPR efficiency (64%) recorded during the entire course of the study. Considering 
that the metabolic selection pressure due to the volumetric propionate loading, 
expressed in terms of AnaerLoad/AerLoad, as well as that due to feeding the system 
under anaerobic conditions with an influent upholding a COD:P ratio of 18.2 mg 
COD/mg PO4-P, were almost at the same levels both during the last week of 
“progress of aerobic granulation” period at Stage II-II (between Days102-109) and 
during Stage II-III, it was not possible to attribute the difference in EBPR 
performances recorded at the corresponding periods, thus the difference in the level 
of the PAO-population, only to the metabolic-PAO-selection pressures in the 
system. Alternatively, this difference was considered to be due to the possibility of 
the slowly-growing PAOs finding a chance to be retained inside PRC_TUM, either 
via growing in an aggregative physiology thus granulating themselves, or via 
localizing themselves on the outer surface of the already formed aerobic granules; 
processes probably supported also by relaxing the shear rates at the final 
operational stage. Possibility of the PAOs growing in a dispersed physiology, thus 
contributing to the floccular portion of the biomass determined to be formed at this 
final stage, was ruled out taking into account the high level of PAO-associated % P-
removal in contrast to the low level of floccular biomass portion.  
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5.2.8 Summary of the results and final discussions for the propionate-fed 
reactor 
All the changes in operational configurations and conditions, translating into varying 
hydraulic- and metabolic/kinetic-pressure levels are given in Figure 5.25. Progress 
of aerobic granulation, in terms changes in size of granules during the course of 
reactor operation, is presented in Figure 5.26, in relation with the changes in 
hydraulic- and metabolic/kinetic-pressures exerted on the biomass. Changes in 
morphological features of the formed granules are also plotted in Figure 5.26.  
All the results, obtained for PRC_TUM and evaluated in details at the preceding 
subsections of Section 5.2, are summarized in Table 5.6, together with the values of 
the constant, as well as the altered operational- and configurational-parameters, 
applied during each individual operational stage, to provide a closure for 
comparative evaluation of the obtained results with respect to the influence of the 
applied changes on indicative parameters of aerobic granulation. These 
assessments are combined and visualized in Appendix B, Figure B.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.25: PRC_TUM: Changes in operational configurations and conditions 
translating into varying hydraulic- (H.-Stage) and metabolic/kinetic-pressure (M/K.-
Stage) levels 
Hydraulic Pressures versus Metabolic/Kinetic Pressures 
0
3
6
9
12
15
18
0 10 20 30 40 50 60 70 80 90 100 110 120 130
Operational Time (days)
v m
in
 (c
m
/m
in
), 
v S
TR
 (c
m
/s
ec
)
0.6
0.8
1
1.2
1.4
1.6
1.8
A
na
er
Lo
ad
/A
er
Lo
ad
 , 
20
x[
P
:C
O
D]
 r
at
io
 
vmin (cm/min) vSTR (cm/sec) AnaerLoad/AerLoad 20x [P:COD]
H.-Stage Extreme shear Lower shear Lowest 
M/K.-Stage Constant Low Increasing 
 245
PRC_TUM: Morphology of the granules
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Figure 5.26: PRC_TUM / Progress of granulation: evolution of the granules in size 
and changes in morphology of the formed granules in relation with applied hydraulic- 
(H.-Stage) and metabolic/kinetic-pressure (M/K.-Stage) levels 
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Results obtained for PRC_TUM and combined in Figures 5.25, 5.26, and Table 5.6, 
and in Figure B.2, can be summarized as follows in comparison with the ones 
described for ARC_TUM in Subsection 5.1.9: 
(i) At the start-up period (between Days1-25), during which extreme 
hydrodynamic shearing conditions (vSTR= 15.8 cm/s) were applied, amount of 
the biomass inside PRC_TUM was almost doubled (5000 mg MLSS/L on 
Day25), and washout of floccular biomass was only apparent from 
suspended solids concentrations in the effluent. Stable and considerably low 
SVI values (mostly <70 mL/g) during this period indicated that the biomass 
had good compactness and settling properties. 
(ii) Decreasing the TS from 3 to 1 min, while keeping the shearing conditions at 
extreme levels, triggered a dramatic biomass washout at Stage I-II, and the 
decreasing trend of MLSS, together with increasing trend of SVI indicated 
that the settling properties and compactness of the biomass started to 
deteriorate under the applied levels of shear stress. 
(iii) Different than the case for ARC_TUM at which the first granules appeared in 
30 days after start-up under extreme shearing conditions, the first few and 
small biomass aggregates became visible in PRC_TUM on Day55 under 
decreased shearing conditions. However, similar to the case for ARC_TUM, 
these first granules in PRC_TUM were also unstable and did not initially 
increase in number to yield an aerobic granular biomass during the following 
first episode of Stage II-II. 
(iv) In both reactors, periods called “minimal-biomass-episodes” at which the 
biomass concentrations were at extremely low levels (approx. 80 mg MLSS/L 
in ARC_TUM and 70 mg MLSS/L in PRC_TUM) making also the SVI 
measurements impossible, were realized either at the beginning (ARC_TUM) 
or at the middle (PRC_TUM) of Stages II-II of “operation under decreased 
hydrodynamic shearing conditions”. Meanwhile the suspended solids values 
measured at the effluents from both reactors, in comparison with the 
corresponding MLSS values, indicated that both the washout frequencies 
and biomass production in the systems were markedly elevated (for both 
parameters; 100% in ARC_TUM and 50% in PRC_TUM). 
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(v) The “minimal-biomass-episode” of PRC_TUM resembled that of ARC_TUM; 
both characterized by presence of very few granules in the systems, 
extensive biofilm formation on reactors’ walls and foaming during aeration, 
impossibility of recording SVI values, high biomass washout and formation 
frequencies, and mixed liquor contents with soupy-slimy characters. 
Moreover, these “minimal-biomass-episodes” for both reactors, were 
determined to precede initiation, formation and progress of aerobic 
granulation in the systems. 
(vi) However, the character of the “minimal-biomass-episode” (MBE) of 
PRC_TUM was determined to be different than that of ARC_TUM, for couple 
of reasons and in terms of their consequences. First, this episode lasted only 
for a total of 10 days (between Days85-95) in ARC_TUM, whereas that in 
PRC_TUM continued for 27 (between Days70-97). Second, the biomass 
washout frequency and corresponding biomass production were almost 
100% in ARC_TUM, whereas those in PRC_TUM were approx. 50%.  
(vii) Further relaxing the shear stress via decreasing aeration on Day109 resulted 
in maintenance of smaller granules, but did not impose a negative impact on 
the granulation process itself, and the concentration of the granular biomass, 
comprised mostly of granules with less filamentous-outgrowths, continuously 
increased during the final stage of reactor operation.  
(viii) Decreasing aeration resulted in a difference in granule morphology in terms 
of roundness. The slight decrease in average roundness values (from 0.82 to 
0.77) during the final stage of reactor operation was attributed to the 
decrease in contribution of the aeration-related shear rate (vSair) to the overall 
shear stress (vSTR), assuming that the influence of the former could be 
towards formation of sphere-like granules. 
(ix) Increasing MLSS and decreasing SVI trends, in other words increasing 
biomass compactness and settleability, overlapped with the progress of 
aerobic granulation observed at the last quarter of Stage-II (decreased shear 
rates), during which the average size of the granules had also an increasing 
trend over time, except at the final episode (Stage II-III) of reactor operation. 
Aerobic granulation process in PRC_TUM was at its optimum level by the 
end of Stage II-II (Day109). 
(x) Similar to the case described for ARC_TUM, the hydraulic selection pressure 
in terms of operationally determined settling velocity was at a moderate level 
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(11 cm/min; compared to the minimum (8-11 cm/min) and optimum (≥ 20 
cm/min) values reported in the aerobic granulation literature), even when the 
settling time was as low as 1 min. Limiting mechanical mixing only to the 
anaerobic period starting on Day47 provided a partial relaxation in the level 
of hydrodynamic shear rate, yet the values were still high (i.e., vSTR; 6.5, 5.3, 
and 4.5 cm/s) when compared to the repeatedly reported values of 2-2.5 
cm/s given in the literature. Thus, the system was considered to be under the 
influence of a considerable level of overall hydraulic pressure, mainly due to 
the hydrodynamic shear stress, rather than the settling time.  
(xi) Changes in cell surface hydrophobicity values were directly related with the 
amount of biomass retained in the reactor; the latter being greatly influenced 
by the extent of hydrodynamic shear rate applied to the system, and 
observation of a definite raise in %hydrophobicity value upon initiation of 
aerobic granulation in PRC_TUM during Stage-II with decreased shearing 
conditions was in agreement with the observations recorded in the literature 
(see Chapter 2, Sections 2.5, 2.6, and 2.7 for literature review on this issue).  
(xii) ExoPS- and ExoPN-productions were determined to be related not only with 
progress of granulation, but also with the amount of biomass retained in the 
reactor, both being influenced by the level of shear applied to the system. 
Relatively low yet continuously increasing amounts of ExoPS and ExoPN 
recorded at the end of Stage-I and at the beginning of Stage-II, were 
interpreted as a consequence of extreme or significant shearing conditions, 
forcing the biomass left in the system to increase its EPS production for 
enhancing its adhesive/aggregative properties in order to cope with the 
extreme/significant physical stress and thus to be able to stay inside the 
reactor. The absolute values of the EPS-associated parameters decreased 
right before the start of the “minimal-biomass-episode” and increased 
dramatically upon initiation and progress of aerobic granulation during Stage-
II. Decrease in absolute values of ExoPS and ExoPN recorded at the final 
stage of reactor operation, coincided with formation of some floccular 
biomass in the system. Based on these results it was possible to state that, 
changes observed in absolute values of the EPS-associated parameters 
were generally in line with the observation recorded in the relevant literature; 
that is “the amounts of ExoPS and ExoPN increase parallel to progress of 
aerobic granulation”, which was greatly influenced by the level of applied 
shear stress; the latter also dictating the amount of biomass retained in the system. 
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(xiii) In contrast to the changes in absolute values of the ExoPS and ExoPN 
parameters, when changes in EPS-composition determined for ARC_TUM 
and PRC_TUM were considered together, and compared with those given in 
the literature, which also included results contradicting with each other, it was 
not possible to reach to a consensus on the changes in the EPS-composition 
(in terms of ExoPN/ExoPS ratio) in relation with applied hydraulic pressures 
and progress of granulation. Thus, within the framework of this current PhD 
dissertation, it was concluded that both ExoPS and ExoPN can be used as 
indicative parameters to monitor and confirm progress of aerobic granulation, 
but it might be better to exclude the EPS-composition as a parameter 
relevant to granulation.    
(xiv) The levels of operationally-set and microbially-revealed metabolic/kinetic-
selection pressure parameters were constant during most of Stage-I 
(extreme shearing conditions), and then increased, towards the end of this 
stage, parallel to the start of biomass washout due to the most severe 
shearing conditions. At the beginning of the next stage (Stage II-I), anaerobic 
COD-consumption was low and externally supplied propionate became 
available for aerobic consumption of propionate for fast and direct growth 
(realization of a feast period parallel to a presumable aerobic C-storage). 
During the “minimal-biomass-episode” and most of the subsequent period of 
increase in number of granules, the significantly high levels of volumetric 
biomass loading values, which were supposed to translate into high 
metabolic/kinetic selection pressures in the direction of favoring slow-
growers, became irrelevant simply due to the impossibility of attaining an 
acceptable level of biomass, hence high propionate conversion rates of any 
kind (neither anaerobic or aerobic) inside the reactor operated under 
decreased, yet still significant shear stress (i.e., vSTR= 5.3 cm/s). 
(xv) Continuing to operate the reactor under the metabolic/kinetic selection 
pressures of feeding the SBR under anaerobic conditions, at a pulse-mode, 
resulting in high initial substrate concentrations, thus high temporal substrate 
gradients, while keeping the hydraulic pressures at a constant level 
(significant shear rates and moderate settling velocity), resulted in the start of 
aerobic granulation and increase in the amount of biomass in the system. 
(xvi) This final statement suggested a parallelism with the consideration that in 
systems where metabolic selection prevails, the influence of the hydraulic 
selection pressure on progress of granulation relaxes. However, knowing that 
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albeit the overall shear stress was the lowest at the final stage, it was still 
higher than the literature-recommended vSair values of 2-2.5 cm/s, thus it was 
concluded that the influence of the hydrodynamic shear stress was still of 
significance in the process of granulation, eventhough the biomass in 
PRC_TUM was subjected to a high metabolic selection pressure in favor of 
slow-growers with a preference of aggregative physiology. 
(xvii) Similar to the case described for ARC_TUM, overall COD-removal 
performance of the biomass in PRC_TUM was fairly constant at a high level 
of around 95%, except at the “minimal-biomass-episode” during which 
extremely low biomass concentrations and thus low propionate conversion 
rates resulted in a dramatic decrease in the overall COD-removal 
performance of the system. Parallel to the rapid progress of aerobic 
granulation and fast increase in the concentration of the mostly granular 
aerobic biomass, the overall- and aerobic- COD removal capacities of the 
newly forming granular biomass increased significantly, together with a slight 
increase in the anaerobic COD-removal capacity. Further relaxing the shear 
rate at the final stage of operation did not result in a significant change in the 
overall-, anaerobic-, or aerobic-COD removal efficiencies of the mostly 
granular biomass in PRC_TUM.  
(xviii) Based on the ortho-P data, it was concluded that a PAO-population had 
gradually grown in PRC_TUM during the first main stage of reactor operation, 
despite of the extreme physical stress exerted on the biomass, owing to the 
metabolic-PAO-selection strategies of supplying high levels of ortho-P to the 
system (feeding under anaerobic conditions at a COD:P ratio of 18.2 mg 
COD/mg PO4-P) and operating the reactor with an anaerobic period of 2-h 
prior to start of the aerobic phase. Yet, the EBPR capacity was lost right 
before the start of the “minimal-biomass-episode” and this non-EBPR state 
lasted for more than 50 days during which granulation proceeded and COD-
removal efficiencies started to increase. The latter suggested the presence 
and function of microorganisms other than the PAOs, and similar to the case 
described for ARC_TUM, these were speculated to be either the denitrifiers 
(but not denitrifying PAOs) or the GAOs, consuming the propionate in the 
absence of oxygen, but having no contribution to the EBPR phenomena. 
Absence (or low levels) of the PAOs during this non-EBPR state was 
confirmed to some extent with the molecular data obtained from the FISH 
experiments. 
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(xix) Finally, the increase in the EBPR-capacity of the mostly granular biomass in 
PRC_TUM from 0% to 64% during the final stage of operation under lowest 
shearing conditions was concluded to be due to the presumable growth and 
prolonged retention of a PAO-population in the system, either through self-
aggregation of the PAOs or through localization of them on the surfaces of 
the already-formed aerobic granules in the system; processes probably 
supported also by relaxing the shear rates at the final operational stage. 
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5.3 Aerobic Granulation in the Bubble-Column Reactor 
5.3.1 Hydrodynamic shear rate calculations 
As previously stated in Chapter 4, Subsection 4.1.1; the third reactor 
(ColPRC_TUM) fed with propionate as the sole C-source and operated during the 
course of the study was different than the wide-type SBRs (ARC_TUM and 
PRC_TUM), in terms of reactor geometry. ColPRC_TUM was a bubble-column SBR 
(SBBR), with an internal reactor diameter of 7.2 cm, and a working height of 74.4 cm 
(HW/D=10.3). Another critical difference in operation of ColPRC_TUM was that no 
mechanical mixing was applied during the anaerobic phase, and the reactor content 
was mixed continuously only during the aerobic phase through introduction of air 
primarily to secure aerobic conditions in the system. Consequently, the terms PMix, 
GMix, and vSMix described for the wide-type reactors to identify the levels of shear-
related parameters due to mechanical mixing, were irrelevant for ColPRC_TUM. 
The only shear-causing process was aeration, and it was valid during approx. two-
thirds of the total react time (TAer/TReact: 3.75 h/ 5.25 h). Moreover, the air flow-rate 
(Qair) was kept constant at 250 L/h throughout the entire operational time of 124 
days. Hence, the shear rate in terms of superficial upflow air velocity (vSair) 
calculated for ColPRC_TUM was constant at a value of 1.71 cm/s during the entire 
course of reactor operation. This value was similar to those calculated for 
ARC_TUM and PRC_TUM (1.76 cm/s) for the aerobic phases of those SBRs (when 
the highest Qair of 1800 L/h was applied), and very close to the value of 2 cm/s, 
reported in the aerobic granular biomass literature to be appropriate for creating 
hydrodynamic shearing conditions (only in terms of superficial upflow air velocity) to 
favor hydraulic selection pressure-induced aerobic granulation (Beun et al., 2000; 
Tay et al., 2001a; Beun et al., 2002; Tay et al., 2004; Zheng et al., 2005; see also 
Chapter 2, Subsection 2.3.1.1 for general discussions, and Subsection 2.5.2 for 
comparative literature review on this issue). 
Results of shear rate calculations for ColPRC_TUM are tabulated in Table 5.7. Prior 
to all calculations, Reynold’s number (NR) was calculated to determine whether the 
flow regime in the system was turbulent or laminar. The NR value calculated to 
describe the flow conditions due to the pneumatic mixing produced by introduction 
of air to the system during the aerobic phase was calculated as 1.2, pointing out to 
laminar flow-conditions. As stated previously in Subsection 5.1.1, the expressions 
used for computing the values of the shear-related parameters due to mechanical 
mixing were valid only for turbulent-flow conditions, and different expressions are 
 254
given in the literature for calculating these values when the flow condition is laminar. 
However, this did not bring a bias in the calculatory procedure applied for 
ColPRC_TUM, that was characterized by a laminar flow-regime, since the terms 
related with mechanical mixing were irrelevant for the this reactor and the 
expressions used for computing shear-related parameters due to pneumatic mixing 
produced by rising of air bubbles were valid also for laminar-flow conditions.  
As can be seen from the table, parameters related with mechanical mixing (PMix, 
GMix, and vSMix) were excluded and new terms were included in the table to describe 
ColPRC_TUM in terms of its own operational configuration. These new terms, being 
TFeed, PFeed, GFeed, QF, and vSFeed, were related with the feeding conditions of the SBR 
and represented the time for feeding, the flow-rate of the influent stream, power 
input-, velocity gradient-, and the mixing conditions-, or in other words the shear 
rate-produced due to introduction of the influent to the SBR. As previously 
mentioned in Chapter 4, Subsection 4.1.1, the SBBR was fed from the top of the 
reactor for the first 56 days of reactor operation. As a result, there was only a minor 
mixing during the introduction of the influent to the reactor in a pulse-mode for a total 
of 5 min, but then the reactor was static for the rest of the anaerobic period. In order 
to take advantage of introducing 0.5 L of 3x concentrated stock feeding solution in 4 
min and then 1 L of tap water in 1 min to the system, location of the discharge point 
of the inlet tubing was changed on Day56, and the system was started to be pulse-
fed from the bottom of the reactor. This configurational change provided a brief (for 
a total of 5 min), yet thorough mixing between the settled sludge bed and the 
incoming influent. The values of the shear-related parameters, realized at the 
beginning of the anaerobic phase after changing the feeding point from reactor top 
to bottom, were calculated based on the formulae given below in Eq.s (5.14)-(5.16). 
HeadLosshFeedQFeedP ××= γ                (5.14) 
where PFeed = power input due to introduction of the influent stream from reactor 
bottom (kWatt or kN.m/s), 
γ = specific weight of water  
= 9.789 kgN/m3 (at 20oC and atmospheric pressure), 
hHeadLoss = head loss dissipated as the influent stream passed through the 
influent tubing (thus including the frictional loss, in of water) and 
discharged at the end-point of tubing at the bottom of the reactor 
(thus including the velocity head of influent stream, in of water). 
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The hHeadLoss values were calculated based on the Darcy-Weisbach equation as 
given below in Eq. (5.15) (Metcalf and Eddy, 1991; p567). 
g2
2)InletPipe(v
InletPiped
1LfHeadLossh ×××=               (5.15) 
where f = dimensionless friction factor obtained from Moody diagram and based on 
relative roughness of the material of the influent tubing red from the graph 
given in Metcalf and Eddy (1991; pp. 1281 and 1283, respectively). The 
value for relative roughness was red approximately as 0.0002, and the 
value for f was red as 0.013 from the figures given in the abovementioned 
reference. The latter was increased by a safety factor of 50%, as 
recommended in the reference, resulting in an f value of 0.02. 
L1 = length of the influent tubing; total of 3.5 m, 
dInletPipe = internal diameter of the influent tubing; 0.008 m (8 mm), 
vInletPipe = velocity of the liquid stream inside the influent tubing, 
g = acceleration due to gravity; 9.81 m/s2, 
and where the last term of the expression given in Eq. (5.15) is also known as 
velocity head (m), in of water. 
Since the feeding strategy for ColPRC_TUM was supplying 0.5 L 3x concentrated 
feed for 4 min and then 1 L of tap water for 1 min, it was required to calculate the 
flow-rates separately. These values were determined as 7.5 and 60 L/h, respectively 
(Table 5.7). For simplicity, the vInletPipe value was calculated by dividing the sum of 
these values (67.5 L/h, or 10.08x10-4 m3/s) by the cross-sectional area of the influent 
tubing (AInfluentPipe=50.3x10-6 m2). The resulting value for the velocity of the liquid 
inside the influent tubing was approximately 0.37 m/s, and the hHeadLoss value 
calculated by using the Darcy-Weisbach equation and the values given above for 
ColPRC_TUM was only 0.047 m. The power input value (PFeed) calculated from this 
pressure drop was as low as 0.0085 watt, and the corresponding velocity gradient 
(GFeed) was also as low as 53 s-1. As can be seen from Table 5.7, PFeed and GFeed 
values were significantly lower than PAer and GAer values, and their contribution to the 
roughly estimated overall values for the total react time (PTR, GTR) was insignificant. 
Shear rate due to feeding from reactor-bottom and the consequent rising-flow of the 
discharged influent along the reactor was calculated by using the expression given 
in Eq. (5-16), considering that the velocity of a stream flowing from a pipe with a  
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ColPRC_TUM: Roughly estimated overall shear rate over total react 
time, shear rates due to aeration and feeding from reactor bottom
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smaller cross-sectional area to a pipe with a larger one decreases proportional to 
the ratio between the internal diameters of the pipes.  
InletPiped
ReactorD
InletPipevFeedv ×=                (5.16) 
The value of shear rate caused by introduction of the influent from reactor-bottom 
starting on Day56 was 0.46 cm/s (Table 5.7). Again, this vFeed value was significantly 
lower than that calculated for the aerobic period (vAer = 1.71 cm/s). 
Since there was no apparent difference in the level of the PTR and GTR parameters, 
before and after the abovementioned configurational change, the results for these 
parameters are only presented in Table 5.7, but not plotted. The results obtained for 
shear rate parameters are given in Table 5.7, are presented visually in Figure 5.27. 
As apparent from the figure, the effect due to feeding was minor. To be consistent 
with the calculations carried out for the wide-type reactors, aeration-related value, 
being the only significant factor producing shearing conditions in ColPRC_TUM, was 
also translated into overall value estimated roughly for the total react time. These 
values are presented in Table 5.8. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.27: ColPRC_TUM: Shear rates during the anaerobic phase (due to 5 min 
feeding from reactor bottom) and aerobic phase (due only to aeration), and overall 
values roughly estimated for the total react time. Contributions to the overall shear 
rate are 0.6% and 99.4%, respectively. 
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As stated in Subsections 5.1.1 and 5.2.1, the wide-type SBRs were under the 
dominant effect of mechanical mixing during the first main stages of their operations 
(Days1-86 for ARC_TUM, and Days1-47 for PRC_TUM), resulting in extreme 
shearing conditions over their total react times (vSTR of 15.6-16.6 cm/s for both 
SBRs), despite the values due to aeration (vSair) were 0.24, 0.49, and 1.76 cm/s, the 
last being similar to the constant value applied in ColPRC_TUM (vSAer 1.71 cm/s). 
Moreover, although changing the operational settings of the wide-type reactors at 
the beginning of the second main stages of their operations (on Day86 for 
ARC_TUM and Day47 for PRC_TUM) to eliminate mechanical mixing during the 
aerobic phase provided a significant decrease in the overall shear values, the levels 
were still high when compared to the level calculated for ColPRC_TUM (a constant 
vSAer value of 1.71 cm/s, and vSTR values of 1.112-1.119 cm/s). This comparison 
revealed that the wide-type reactors and the SBBR were totally different in terms of 
overall hydrodynamic shear levels exercised in the systems.  
The pronounced difference between the NR values calculated for the wide-type 
SBRs (NR: 40,000-51,500 both for ARC_TUM and PRC_TUM) and for 
ColPRC_TUM (NR: 1.2), showing that the flow-regime/mixing conditions were 
definitely turbulent in the wide-type SBRs, whereas that was definitely laminar in the 
SBBR, was another quantitative indication that the wide-type reactors and the SBBR 
were totally different in terms of the type of flow-regime realized and the level of 
shear stress that the microorganisms experienced in the reactors. 
5.3.2 Changes in operational parameters 
The hydrodynamic shear rate (vSAer or vSTR) was kept constant for the entire course 
of reactor operation of ColPRC_TUM, and TS was the only hydraulic selection 
pressure parameter altered during operation of the SBBR. During the start-up period 
(25 days) the reactor was operated with a TS value of 3 min, corresponding to a 
moderate vmin value of 12.4 cm/min (Table 4.2). Then the TS was decreased to 1 min 
(Stage-II), both to take advantage of the compact and nicely settling granular 
biomass already started to show up in the reactor, and also to further enhance 
progress of this already started granulation, via restricting biomass retention only to 
particles/aggregates with settling velocities higher than the operationally set high 
value of 37.2 cm/s. Values of constant and altered parameters and resulting 
variations in hydraulic-pressure conditions, and those observed in some 
metabolic/kinetic-pressure parameters during the entire course of reactor operation 
are summarized below in Table 5.8.  
 
25
9
Ta
bl
e 
5.
8:
 C
ol
PR
C
_T
U
M
: C
on
st
an
t a
nd
 V
ar
yin
g 
O
pe
ra
tio
na
l P
ar
am
et
er
s 
R
el
at
ed
 to
 H
yd
ra
ul
ic-
 a
nd
 M
et
ab
ol
ic/
Ki
ne
tic
-S
el
ec
tio
n 
Pr
es
su
re
s 
fo
r G
ra
nu
la
tio
n 
C
ol
PR
C
_T
U
M
:  
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
 C
on
st
an
t V
al
ue
s 
D
 
V O
 
V F
 
V W
 
H
w
 
H
/D
 
T C
 
Ex
ch
an
ge
H
R
T 
H
m
in
 
T A
na
er
 
T F
 
C
O
D
R
c 
PO
4-
P R
c 
C
O
D
:P
a  
C
O
D
Lo
ad
pH
  
cm
 
L 
L 
L 
cm
 
 
h 
ra
tio
 
hr
 
cm
 
h 
m
in
 
m
g/
L 
m
g/
L 
m
g/
m
g 
kg
/m
3 .d
 
- 
7.
2 
1.
5 
1.
5 
3 
74
.4
 
10
.3
 
6 
50
%
 
12
.0
 
37
.2
 
2 
1+
4 
40
0 
22
 
18
.2
 
1.
6 
- 
  
C
ol
PR
C
_T
U
M
: 
A
pp
lie
d 
C
ha
ng
es
 
C
al
cu
la
te
d 
C
ha
ng
es
 
 
 
T R
ea
ct
 
T F
ee
d 
T A
er
 
T S
 
Q
ai
r 
b T
F.
B
. 
v m
in
 
v S
Fe
ed
=v
SA
na
er
 
v S
ai
r=
v S
A
er
 
v S
TR
 
c S
i*/
X i
 
d P
Ti
/C
O
D
Ti
 
St
ag
e 
D
ay
s 
h 
m
in
 
h 
m
in
 
L/
h 
m
in
 
cm
/m
in
 
cm
/s
 
cm
/s
 
cm
/s
 
m
gC
O
D
/ 
m
gM
LV
S
S
 
m
gP
O
4-
P
/ 
m
gC
O
D
 
I-I
 
1-
25
 
5.
75
 
4+
1 
3.
75
 
3 
25
0 
- 
12
.4
 
0 
1.
71
 
1.
11
2 
   
  ↑
↓ 
 →
 0
.0
67
 
II-
I 
25
-3
8 
“ 
“ 
“ 
1 
“ 
- 
37
.2
 
“ 
“ 
“ 
   
  ↓
↑↓
 
 →
 
“ 
38
-4
6 
“ 
“ 
“ 
“ 
“ 
- 
“ 
“ 
“ 
“ 
   
  ↓
,↑,
↓↓
 
 →
 
” 
47
-5
5 
“ 
“ 
“ 
“ 
“ 
- 
“ 
“ 
“ 
“ 
   
  ↑
,↑,
↑ 
 ↑,
↓,→
 
II-
II 
56
-8
8 
“ 
“ 
“ 
“ 
“ 
4+
1 
“ 
0.
46
 
“ 
1.
11
9 
   
  ↓
,↓,
↑,~
 
 ↑,
↑,↓
,↑ 
“ 
89
-1
08
 
“ 
“ 
“ 
“ 
“ 
“ 
“ 
“ 
“ 
“ 
   
  ↑
,↓ 
 ↓,
↑ 
“ 
10
9-
12
4 
“ 
“ 
“ 
“ 
“ 
“ 
“ 
“ 
“ 
“ 
   
  →
,↓ 
↓ t
o 
0.
07
45
 
a  C
O
D
:P
=2
1.
4 
in
st
ea
d 
of
 1
8.
2 
fo
r D
ay
82
-8
4.
 b T
F.
B.
: T
im
e 
of
 fe
ed
in
g 
fro
m
 th
e 
bo
tto
m
 o
f t
he
 re
ac
to
r. 
c S
i*/
X
i: 
In
iti
al
 b
io
m
as
s 
lo
ad
in
g 
du
e 
on
ly
 to
 C
O
D
 fr
om
 in
flu
en
t 
(4
00
 m
g 
C
O
D
/m
g 
M
LV
SS
): 
se
e 
S
ub
se
ct
io
n 
5.
3.
6.
 d P
Ti
/C
O
D
Ti
: P
:C
O
D
 ra
tio
 in
cl
ud
in
g 
th
e 
co
nt
rib
ut
io
ns
 b
ot
h 
fro
m
 th
e 
in
flu
en
t a
nd
 th
e 
re
cy
cl
ed
 e
ffl
ue
nt
: s
ee
 
S
ub
se
ct
io
n 
5.
3.
6.
259 
 260
5.3.3 Influence of hydraulic selection pressure parameters on biomass 
compactness and settling properties 
5.3.3.1 Stage-I: “Operation with moderate vmin, constant vSair” 
The MLSS and MLVSS profiles of the biomass maintained in ColPRC_TUM 
throughout the entire course of the study, and the values measured in the effluent 
are presented below in Figure 5.28. In addition, SVI and MLSS values are plotted 
together in Figure 5.29 to visualize the course of changes in compactness and 
settling properties of the biomass cultivated in the reactor.  
The wide-type reactor (PRC_TUM) and the SBBR (ColPRC_TUM), both fed with 
propionate, were started-up on the same day, with the same seed biomass (Chapter 
4, Subsection 4.1.2) and a TS value of 3 min was applied during the start-up periods 
of both SBRs to speed up elimination of slowly-settling floccular biomass from the 
reactor. This TS value was significantly lower than that applied in ARC_TUM (10 
min). Besides, due to reactor geometry of the SBBR, the resulting vmin value (12.4 
cm/min) was also considerably higher than those of the wide-type reactors during 
their start-up periods (1.1 cm/min for ARC_TUM and 3.7 cm/min and PRC_TUM). 
Different than the cases for ARC_TUM, but partly similar to that of PRC_TUM, there 
was no significant biomass washout during the first 25 days (aver. 73 mg ESS/L), 
except the one-time incident on Day6 (210 mg ESS/L), and the amount of biomass 
in the SBBR fluctuated around 2700 mg MLSS/L (Figure 5.28). Compactness and 
settling properties of the biomass during the start-up period were already very good, 
as evident from stable and considerably low SVI values (< 60 mL/g) (Figure 5.29). 
It should be mentioned here that the MLSS and MLVSS values determined for the 
SBBR (Figure 5.28) fluctuated more than the ones determined for the wide-type 
reactors (Figures 5.3 and 5.16). This was considered to be not due to the biomass in 
SBBR being more unstable than those in the wide-type SBRs, but because of 
difficulty in collecting homogenous samples, due to the presence of relatively big 
granules (i.e., after Day30) in ColPRC_TUM, and also due to reactor geometry. 
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Figure 5.28: ColPRC_TUM: Biomass formation (upper panel) and effluent quality 
(lower panel). Pictures at the top visually demonstrate progress of granulation. 
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5.3.3.2 Stage-II: “Operation with high vmin and constant vSair” 
Stage II-I (D25-55) 
On the 25th day of operation of ColPRC_TUM, TS was decreased from 3 to 1 min to 
increase the indirect selective pressure exerted on the biomass in the direction of 
discarding the slowly settling suspended/floccular biomass from the system and 
keeping in only the particles/aggregates with settling velocities higher than 37.2 
cm/min (Table 5.8). Similar to the case in PRC_TUM, the response of the biomass 
in ColPRC_TUM to this change was immediate, but at the opposite direction with 
that observed in the former. In contrast to the dramatic decline in the biomass 
concentration in PRC_TUM upon start of Stage I-II (Figure 5.16), the MLSS value in 
the SBBR increased from 3250 mg/L on Day25 to 5100 mg/L on Day30 (Figure 
5.28), the latter also corresponding to the day that the presence of big amorphous 
granules became visually apparent for the first time. Average dgra value on Day32 
was 1.52 mm (Figure 5.38).  
Decreasing the operationally-set settling time from 3 to 1 min caused deterioration of 
the effluent quality, as expected. The ESS values were almost doubled upon this 
operational change (average of 144 mg ESS/L at Stage II-I, compared to average of 
73 mg ESS/L at Stage-I), and there was a one-time extreme washout on Day34, 
resulting in an ESS value as high as 775 mg/L; 4 days after the appearance of the 
big amorphous granules in ColPRC_TUM (Figure 5.29). System behavior in the 
direction of eliminating the flocks/biomass particles that were unable to meet the 
decreased value of the operationally-set TS parameter was the same in 
ColPRC_TUM and PRC_TUM, though the washout frequency in the SBBR was half 
of that in the wide-type reactor, despite of the operationally-determined vmin in the 
former (37.2 cm/min) being more than 3-folds of that (11.0 cm/min) in the latter. This 
was one of the indications showing that the progress of granulation in 
ColPRC_TUM, operated with high vmin and constant aeration-related shearing 
conditions, was different than that in PRC_TUM, which was operated with moderate 
vmin but under extreme shearing conditions after the start-up period.  
It should be noted for the SBBR that despite of the constant and optimum level of 
aeration-related hydrodynamic shear rate, the overall hydraulic pressure was 
considered to be significant, basically due to the high vmin value of 37.2 cm/min. 
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Between Days38-46 (Stage II-I), concentration of the biomass in ColPRC_TUM 
continued to fluctuate around an average of 2700 mg MLSS/L and the ESS values 
were slightly lower than- but at the same order of magnitude with- the ones 
determined between Days25-38, indicating a fairly stable system with respect to the 
amount of biomass attained and the effluent quality obtained during Stage II-I. 
Moreover, the SVI values during Stage II-I, prior to addition of the EBPR biomass to 
the system (Day47), were stable around 50-54 mL/g (Figure 5.29). Together with the 
amount of biomass in ColPRC_TUM, these low SVI values indicated that the settling 
properties and compactness of the already granulating biomass were superior.  
On Day47 and at the same time with the wide-type reactors, the biomass cultivated 
in ColPRC_TUM was mixed with the floccular EBPR biomass collected from the 
aeration (nitrification) tank of a full-scale BNR WWTP, following the contact-strategy 
described in Chapter 4, Subsection 4.1.1. MLSS values of the biomass originally 
present in the SBBR and the EBPR biomass were 2706 mg/L and 5930 mg/L, 
respectively, before preparing the biomass mixture from 1 L of EBPR biomass and 
1.5 L of settled (thus 2x concentrated) biomass of the SBBR, together with 0.5 L of 
concentrated feed (total volume of 3 L for overnight anaerobic/aerobic biomass 
contact set-up). MLSS value of the mixture at the beginning of overnight biomass 
contact was calculated, through a simple mass balance, as 4682 mg/L. Next 
morning (Day48), the biomass mixture was settled and the supernatant was 
withdrawn before starting the new cycle of the SBBR. The MLSS value by the end of 
Day48 was 4950 mg MLSS/L. Hence, similar to the case for the other two SBRs, the 
sharp increase in MLSS (from 2700 mg/L on Day47 to 4950 mg/L on Day48 seen in 
Figure 5.28) was simply due to addition of the EBPR biomass to the reactor.  
In one week, the MLSS of this new biomass mixture dropped down to the level prior 
to addition of the EBPR biomass, indicating a partial washout of the EBPR biomass. 
The ESS values were between 150-220 mg/L, and the SVI was again stable at 40 
mL/g at the last part of Stage II-I. 
Stage II-II (D56-88) 
As stated previously, no mechanical mixing was applied in ColPRC_TUM, and the 
reactor was static for the whole anaerobic period. To take advantage of the flow-rate 
of the influent, location of the discharge point of the inlet tubing was changed on 
Day56, and the SBBR was started to be pulse-fed from the bottom, to provide a brief 
(for a total of 5 min), yet thorough mixing between the settled granular sludge bed 
and the influent at the beginning of the anaerobic phase. Ignoring the usual 
 265
fluctuations, the biomass concentration in the SBBR had an increasing trend for 
more than a month. Consequently, the average MLSS value (4100 mg/L) during this 
period was higher than those measured at the previous episodes (2700 mg/L 
between Days38-46 and 3500 mg/L between Days47-55). The effluent quality was 
also better during that month (average ESS: 113 mg/L), and the SVI was again 
stable at 42 mL/g (Figures 5.28 and 5.29). Lots of big granules appeared within only 
3 days upon the configurational change on Day56, and there was a significant 
increase in size of the granules in general (average dgra increased from 1.17 mm on 
Day55 to 3.28 mm on Day67, see Figure 5.38), suggesting that altering the reactor 
configuration to feed the reactor from the bottom, in deed had a positive impact on 
granulation in terms of size of granules.  
The MLSS, SVI, and dgra values determined on Day88 were slightly worse than the 
ones measured at the previous data points, and this was attributed to the fact that 
the SBBR was overloaded for a short period of time due to receiving only 
concentrated feed, but not the tap water for 3 days between Days84-87 (problem in 
the level controller). It should be pointed out here that, in contrast to the cases 
described for the wide-type reactors, no foaming was recorded for ColPRC_TUM 
and the supernatant was clear at all times (except after the “pH=12.8 incident”; see 
below). Moreover, biofilm formation, which has been considered as a classical 
consequence of lab-scale works, in the SBBR was not as pronounced as those 
observed in ARC_TUM and PRC_TUM. Comparative evaluation of the MLSS, ESS, 
and SVI data collected till Day89, clearly showed that the aerobic granular biomass 
cultivated in the SBBR operated with high vmin and constant vSAir values, was much 
more stable than those cultivated in the wide-type SBRs operated under either 
extreme- or relatively relaxed-hydrodynamic shearing conditions and with the same 
low TS -but with much more relaxed vmin- values. 
Resilience of aerobic granular biomass to “extreme pH incident” (D89-124) 
For three cycles between Day88 and 89, the biomass in ColPRC_TUM received an 
influent stream with a pH value of 12.8. This resulted in extensive foaming during 
aeration and it was so severe that the reactor over-floated and a considerable 
portion of the totally granular biomass was lost. To get rid off the basic bulk liquid, 
the reactor content was washed several times with water prior to start of the regular 
reactor cycle on Day89. The deteriorating impact of this “pH=12.8 incident” was 
apparent from the difference between the MLSS values measured as 3600 mg/L on 
Day88 and 2250 mg/L on Day89 (Figure 5.28). More importantly, there was a 
dramatic deterioration in settling properties and compactness of the biomass right 
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after the “pH=12.8 incident”, as evident from the SVI value which jumped from 70 
mL/g (Day88 or 43 mL/g on Day82) to 187 mL/g (Day89) (Figure 5.29). It was 
possible with naked-eye to detect a clear change in the outer texture and structure 
of the granules right after the incident. In fact, examination of the granules under the 
light microscope confirmed that the outermost layers of the granules were seriously 
damaged and mostly degraded, and the granules were slimy and very diluted at the 
outer layer when compared to their densely populated structure prior to the pH 
incident (see also the micrographs on the upper section of Figures 5.29 or 5.38). 
In two days, the settling properties of the biomass were again at an acceptable level, 
the SVI value dropped from 187 to less than 100 mL/g (Day91). It took total of 18 
days for the biomass to reach to the superior level of settling properties and 
compactness same as that before the “pH=12.8 incident”, and the SVI values which 
fluctuated around an average of 87 mL/g between Days91-108, dropped back to a 
level below approx. 50 mL/g (Days109-124). The first response of the system in 
terms of production of new biomass was not as rapid and apparent as that observed 
in recovery of the SVI values (two days), and it was only after 13 days that the 
biomass concentration, which had dropped to 2250 mg MLSS/L right after the pH 
incident, started to increase again (3400 mg MLSS/L on Day102), and reached to 
and stayed at an average value of 4000 mg MLSS/L between Days108-124. 
Meanwhile the effluent quality was pretty much stable with an average ESS value of 
100 mg/L after the “pH incident” and till the end of reactor operation on Day124 
(Figure 5.28). Examining the granules via light-microscopy revealed that it took only 
2 days for the mostly-destroyed outermost layers to be removed or repaired (Day91, 
and coincided with the improvement in SVI value), and the granules were fully 
recovered in terms of structural integrity within the following 6 days (Day97, see also 
Figure 5.38). Moreover, it was not only restoration of the pH-damaged outer layer, 
but also increased production of new biomass with aggregative-physiology, as 
evident from the continuously increasing average dgra values after the pH incident till 
the end of reactor operation. The values recorded on Days98 and 109 were as high 
as 5.67 and 6.42 mm. On the last day of reactor operation (Day124), the totally 
granular biomass cultivated in ColPRC_TUM had an average dgra value of 8.85 mm 
with a maximum as high as 1.24 cm (see Figure 5.38). 
The abovementioned results obtained from MLSS, SVI, ESS measurements, as well 
as those from monitoring the progress of granulation and structural integrity of the 
formed granules, clearly indicated that the aerobic granular biomass cultivated in 
ColPRC_TUM with operational conditions of “high vmin, constant optimum aeration-
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associated shear rate, and feeding from bottom” had a high resilience against the 
extremely high pH values. Total recovery was maintained quite rapidly, owing to the 
compact structures of the granules. Each granule was acting as a bioreactor itself, 
housing high amounts of microorganisms at immediate proximity; providing a 
growth-favoring environment for all, extra time of retention especially for the slow-
growers, and a shelter from external stress factors for all residents, but especially for 
the ones located inside the granules. Thus, although the outer layer was damaged 
or destroyed, the microorganisms compactly packed inside the granules were not 
affected from the external adverse stimulus (of extreme pH) and ensured the 
continuity of the granules.  
Similar pH upsets (extremely low pH incidents), which will be discussed later in 
Chapter 6, were also experienced in the SBR operated at ITU (ARC_ITU), when the 
biomass in the system was floccular or granular. For the former case, the result was 
almost total loss of viability, excessive biomass washout, and the need to replace 
the dead biomass. On the other hand, for the latter case, the system recovered 
within a couple of days after amending the damaged biomass via addition of some 
better one. This comparative evaluation was considered as providing the 
experimental evidence showing the merits of working with an aerobic granular 
biomass, i.e., providing resistance and durability against adverse external effects 
like shock loads, toxic compounds, or pH upsets.  
5.3.4 Monitoring cell surface hydrophobicity  
Similar to the cases for the wide-type SBRs, %hydrophobicity measurements were 
carried out to describe the relation between changes in cell surface properties of the 
biomass cultured in ColPRC_TUM and developing an aggregative-life style, thus 
granulation. The results are visually presented in Figure 5.30. 
As can be seen from the figure, on Day34, right after the time when the big and 
amorphous granules became visible in the reactor, %hydrophobicity of the biomass 
was already at a considerable level (41%), and increased to 48% right before 
addition of the EBPR biomass to the system. The value recorded on Day47 was 
56% and included the %hydrophobicity values of the original SBBR-biomass (48%) 
and the EBPR biomass (22%). The value on Day55, marking the end of Stage II-I, 
was 22%. Considering that no operational change was made during this stage, 
except addition of the EBPR biomass, the decrease in %hydrophobicity values 
between Day47 and Day55 was left open for discussion.  
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Figure 5.30: ColPRC_TUM: Changes in % hydrophobicity values 
During the rest of the operational time with “high vmin and constant vSAir”, 
%hydrophobicity values continuously increased, reaching to 57% on Day109 and 
65% on Day124. The measurement on Day89 corresponded to the cell surface 
hydrophobicity value of the biomass comprising of granules with seriously damaged 
outer layers due to the “pH=12.8 incident”. Even that value was as high as 46%, and 
the value measured the next day (Day90; 50% hydrophobicity) indicated that the 
completely-granular biomass in the SBBR had already started to recover from the 
extreme pH incident (Figure 5.30). 
As expected, the continuously increasing trend of %hydrophobicity values 
conveniently coincided with progress of aerobic granulation observed in 
ColPRC_TUM, which was operated with hydraulic selection pressure conditions of 
“high vmin, constant vSAir” and feeding from top or from bottom. These observations 
were in line with those reported in the aerobic granulation literature in general (see 
Chapter 2, Sections 2.3 and 2.5-2.7 for general and comparative literature reviews, 
respectively), as well as with those recorded for ARC_TUM upon initiation and then 
progress of aerobic granulation, and that recorded for PRC_TUM upon initiation of 
granulation.  
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5.3.5 Monitoring Extracellular Polymeric Substances (EPS) 
5.3.5.1 Relation between applied shear and level of EPS production 
As was done for the wide-type reactors, EPS-associated parameters produced by 
the microorganisms cultivated in ColPRC_TUM was monitored throughout the entire 
course of reactor operation, and the results are visually presented in Figure 5.31, to 
help correlate ExoPS- and ExoPN-production to the progress of aerobic granulation 
observed in the SBBR.  
As can be seen from the graph given at the upper panel of Figure 5.31, the ExoPS 
production on Day35, shortly after the granules became visually apparent in the 
reactor, was at the same level with the one by the end of the start-up period 
(Day25). On the other hand, ExoPN measured on Day35 was more than 2.5-folds of 
that recorded on Day25. Biomass concentrations at those days were at the same 
level (2030 and 1810 mg MLVSS/L on Days25 and 35, respectively), thus the 
ExoPS/VSS ratios were also the same (0.02 mg glucose/mg MLVSS), whereas the 
ExoPN/VSS ratio after the start of aerobic granulation (Day35) was 3x higher than 
that on Day25 (0.27 and 0.09 mg BSA/mg MLVSS, respectively). Comparative 
evaluation of these values suggested a more pronounced role of- or impact on- 
ExoPN production with initiation of aerobic granulation in the SBBR.  
There was an increase in ExoPS- and a slight decrease in ExoPN-production on 
Day46. The values of the EPS-associated parameters plotted for Day47 on the 
graphs in Figure 5.31, were higher than those measured prior to that time point, 
mainly due to the contributions from the EBPR-biomass mixed with the granular 
biomass present in ColPRC_TUM. Similar to the case noted for %hydrophobicity 
value, there was a decrease in both parameters on Day55, marking the end of 
Stage II-I (feeding from top). The ExoPN/VSS ratios before and after addition of the 
EBPR-biomass were the same (0.22 mg BSA/mg MLVSS), whereas ExoPS/VSS 
ratio after addition of the EBPR-biomass was lower than that before the addition. 
Changing the position of the discharge-point of the inlet pipe from top to bottom on 
Day56 (start of Stage II-II), while continuing with application of the same hydraulic 
selection pressures (high vmin of 37.2 cm/min and constant vSAir of 1.71 cm/s), 
resulted in a pronounced increase in production of EPS-associated parameters, and 
the absolute values reached to their maxima (Day69), while the amounts produced 
per biomass were either the same as-, or slightly higher than- those recorded by the 
end of the previous stage (Day55).  
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Figure 5.31: ColPRC_TUM: Changes in ExoPS- and ExoPN-production. The bars 
indicate standard deviations. 
The different trends of the ExoPS (fluctuating) and ExoPN (constant) after changing 
the position of the inlet pipe indicated that The EPS-associated parameters were 
affected differently during Stage II-III. In summary, absolute values of both ExoPS 
and ExoPN were determined to increase upon initiation of granulation in the system 
(data on Days25, 35, 46, 47), with a more pronounced increase in ExoPN-
production (Days25-35), yet after attaining a relatively stable granular biomass, the 
changes in the level of the EPS-associated parameters became irrelevant.  
 
ColPRC_TUM: Extracellular Polysaccharides
40 40
110
136
74
263
229
112
174
0
40
80
120
160
200
240
280
D25 D35 D46 D47 D55 D69 D97 D109 D124
Operational Time (days)
Ex
oP
S 
(m
g 
gl
uc
os
e/
L)
ColPRC_TUM: Extracellular Proteins
183
486
373
518
344
420 414 430
0
100
200
300
400
500
D25 D35 D46 D47 D55 D69 D97 D109 D124
Operational Time (days)
Ex
oP
N 
(m
g 
BS
A/
L)
H.Stage: Moderate High vmin (37.2 cm/min) 
     E-Biomass added Feed from bottom 
 271
5.3.5.2 Operational stages and changes in EPS-composition 
Changes in the EPS-composition (ExoPN/ExoPS), of the biomass cultured in the 
SBBR are plotted below in Figure 5.32. The trend for the SBBR-biomass was not as 
clear as the one determined for the biomass cultured, i.e., in ARC_TUM (Figure 
5.7), and variations in time for the former were not as pronounced as those for the 
latter. Excluding the considerably high ExoPN/ExoPS ratio (12 mg BSA/mg glucose) 
calculated for Day35, which was the data point right after initiation of aerobic 
granulation and granules becoming visually apparent in the system (Day30), there 
was a slight increase over time, indicating that the nature of the EPS-matrix was 
slowly shifting towards including more ExoPN than before (data for Days46-47-55). 
Upon changing the position of the discharge-end of the inlet pipe from top to bottom 
(Day56) without changing the hydraulic pressures applied to the biomass, the 
abovementioned shift in the EPS-composition changed direction towards including 
more ExoPS than before, as can be seen from Figure 5.32, between Days55-69-97, 
and the EPS-composition fluctuated once more during the remaining time of reactor 
operation with conditions of “high vmin and constant vSAir”. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.32: ColPRC_TUM: Changes in the EPS composition expressed in terms of 
ExoPN/ExoPS 
 
 
ColPRC_TUM: ExoPN / ExoPS
4.6
3.4
3.8
4.6
3.3
1.8
3.7
2.5
0
2
4
6
8
D25 D35 D46 D47 D55 D69 D97 D109 D124
Operational Time (days)
PN
 / 
PS
 (m
g 
BS
A/
m
g 
gl
uc
os
e)
H.Stage: Moder. High vmin (37.2 cm/min) 
     E-Biomass added Feed from bottom 
 272
In summary, increase in absolute values of ExoPS and ExoPN parameters during 
and right after initiation of granulation in ColPRC_TUM was found to be in line with 
the observations reported in the aerobic granulation literature, as well as with those 
recorded for the wide-type SBRs during initiation and progress of granulation in 
those system, yet the fluctuations in the EPS-composition once more supported the 
suggestion that the latter may not be an informative parameter with regard to 
monitoring and confirming progress of granulation.  
To see if there is any relation between changes in %hydrophobicity values and the 
composition of the EPS produced by the granular biomass cultured in 
ColPRC_TUM, the relevant data are plotted together in Figure 5.33. However, the 
trends of the abovementioned parameters relative to each other seemed to be 
random for the granular biomass of ColPRC_TUM, while those of the wide-type 
reactors had been determined to be more or less related with each other (Figures 
5.8 and 5.21 for ARC_TUM and PRC_TUM, respectively).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.33: ColPRC_TUM: Relation between ExoPN/ExoPS ratios and 
%hydrophobicity 
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5.3.6 Parameters related with metabolic- and kinetic-selection pressures 
Parameters selected to describe metabolic/kinetic selection pressures applied to 
and occurred in ColPRC_TUM were the same as those determined at the previous 
sections for the wide-type reactors. In addition to those, the parameter expressed as 
P-to-COD ratio including the COD- and PO4-P- contributions from the influent (i.e., 
44 mg PO4-P/L and 800 mg COD/L, both diluted with a factor of 2; 1/exchange ratio) 
and from the effluent (of the previous react time recycled to the head of the cycle, 
diluted with a factor of 2), was also used as a parameter to describe the extent of 
the metabolic-selection pressure in the SBBR. Changes in the level of the “selection 
pressure-related parameters” calculated by using the expressions given in Eq.s 
(5.9)-(5.13), the one showing the total instantaneous P-to-COD ratio (PTi/CODTi), 
and from the data harvested by monitoring the COD- and P-removal performances 
of the granular biomass in ColPRC_TUM are plotted in Figure 5.34, and this graph 
was used as the guide while evaluating the impact of metabolic/kinetic selection 
pressures on the biochemical conversion processes carried out by the biomass in 
ColPRC_TUM, which was in granular form during three-quarters of the entire 
operational time of 124 days. 
The most important features seen in Figure 5.34 -some being characteristic to the 
granular biomass cultured in the SBBR and being quite different than those 
recorded for the biomass in the wide-type reactors- can be listed as follows:  
(i) The instantaneous volumetric biomass loading values (initial- [Si*/Xi], total 
anaerobic- [STAnaer/Xi], or total aerobic- [STAer/Xi]) were less than 0.33 mg 
COD/mg MLVSS at all times, and in contrast to the cases described for e 
wide-type reactors, no extreme biomass loading was experienced in the 
SBBR. The reason for that was apparent: no extensive biomass-washout-
period or minimal-biomass-episode was experienced in the bubble-column 
reactor, thus the amount of biomass present in the system was always high 
enough to yield a reasonable propionate conversion/consumption rate.  
(ii) Consequently, AnaerLoad/AerLoad, being the metabolic/kinetic selection 
pressure parameter described as working in the direction of selecting for 
anaerobically C-storing and aerobically slowly-growing microorganisms as its 
value positively diverges from 1, was never less than 1, indicating that 
propionate did not leak to the effluent at any time. The lowest value was 1.08 
mg COD/mg COD, recorded on Day91, which was only 2 days after the 
“pH=12.8 incident”. 
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Figure 5.34: ColPRC_TUM: Changes in volumetric biomass loading values and 
initial total P:COD ratio. The horizontal line marks a value of 1 being the theoretical 
minimum for the AnaerLoad/AerLoad parameter.  
(iii) The abovementioned two observations also meant that the metabolic 
selection pressure, in favor of selecting for anaerobically C-storing and 
aerobically slowly-growing microorganisms, was never dis-functioned, and 
the balance between the metabolic- and the kinetic-selections (expressed by 
the AnaerLoad/AerLoad parameter) was mostly in the direction of the former. 
(iv) The gap between the instantaneous anaerobic- and aerobic-volumetric 
biomass loading profiles seen in Figure 5.34 was much more pronounced 
than those seen in Figure 5.9 for ARC_TUM and in Figure 5.22 for 
PRC_TUM. As previously stated, the wider this gap, the higher the amount of 
anaerobically-consumed COD, thus the less the amount of propionate 
leaking to the aerobic phase and becoming available for fast and direct 
growth in the presence of oxygen as the external terminal e-acceptor. 
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(v) The AnaerLoad/AerLoad profile was the mirror-reflection of the STAer/Xi profile, 
not in terms of magnitude but of trend, with higher points of the former 
coinciding with lower points of the latter.  
(vi) As stated above, the minimum of AnaerLoad/AerLoad was recorded on Day91, 
right after the “pH=12.8 incident”. The maximum value of the metabolic-
selection pressure profile was recorded as 7.51 mg COD/mg COD, at the 
next data point, on Day97. These two subsequent observations together 
were quantitative proofs showing the resilience of the aerobic granular 
biomass against extreme pHs and the rapid recovery of the biomass not only 
in terms of features related with granulation (Subsection 5.3.3.2), but also in 
terms of rapid improvement in biochemical C-conversion processes.  
(vii) The [PTi/CODTi] parameter, offered as an indirect indication of the metabolic-
selection pressure in favor of selecting for PAOs, was more or less constant 
at around 0.07 (mg PO4-P/mg COD) during Stage-I and Stage II-I. During 
Stage-II-II (after changing the inlet position from top to bottom on Day55), the 
values increased first and then oscillated between 0.074 and 0.100 (mg PO4-
P/mg COD), except for the minimum value of 0.049 recorded on Day91. It 
should be remembered that the [PTi/CODTi] parameter did not only include 
the P-to-COD ratio of the influent, but was also affected by the P- and COD- 
removal capacities of the granular biomass, thus fluctuated in accordance 
with the changes in efficiencies of the biochemical conversion processes. On 
the other hand, the externally exerted metabolic pressure in terms of P-to-
COD ratio was constant at a value of 0.55 mg PO4-P/mg COD, during the 
entire course of reactor operation, except for couple of time points (0.061 
between Days69-71, 0.047 between Days82-84, 0.064 between Days97-99, 
0.061 between Days109-111, and 0.058 on Day124). The constant P-to-COD 
ratio of 0.55 mg PO4-P/mg COD, or in other words a constant COD:P ratio 
(initial instantaneous ratio; Si*/Pi*) of 18.2 mg COD/mg PO4-P, was the same 
as those reported in the limited aerobic granular EBPR biomass literature 
and close to the ones obtained at the second half of this PhD dissertation for 
the aerobic granular EBPR biomass system (ARC_ITU) fed with acetate as 
the sole C-source (see Chapter 6, Section 6.2, Table 6.9a for further details 
and references). 
(viii) Impact of addition of the EBPR biomass to ColPRC_TUM on Day47, on the 
extent of the metabolic/kinetic selection pressures-related parameters was 
apparent only on that day (in the direction of bringing an equally proportioned 
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decrease to the volumetric biomass loads, simply due to the increase in the 
MLVSS value) and was not significant at the following time points. 
The general consideration about “the impact of hydraulic selection pressure on 
progress of aerobic granulation being less significant in systems where metabolic 
selection, in favor of slow-growers with a preference of aggregative physiology, 
prevails”, seemed valid for ColPRC_TUM, simply due to two facts: (i) 
metabolic/kinetic selection pressure being in action at all times; (ii) aeration related 
hydrodynamic shear rate (1.71 cm/s) being very close to the vSair value (2 cm/s) 
repeatedly reported in the literature to be appropriate for formation and stability of 
aerobic granular biomass, and the roughly estimated overall hydrodynamic shear 
stress being almost half of the latter (1.112-1.119 cm/s), due to 2 hour of static 
anaerobic period. Yet, the operationally determined settling velocity applied during 
three-quarters of the entire course of reactor operation (Stage-II) was at a 
considerably high level (37.2 cm/min) when compared to the minimum values of 8-
11 cm/min and optimum of ≥ 20 cm/min. Consequently, it was concluded that both 
the high levels of metabolic/kinetic pressures and significant level of hydraulic 
selection pressure, in terms of high settling velocity, were of significance with regard 
to progress and stability of aerobic granulation observed in the SBBR.  
5.3.7 Influence of metabolic- and kinetic-selection pressures on removal 
efficiencies and progress of granulation 
The COD- and P-removal performances of the biomass, cultivated in ColPRC_TUM 
and determined to be granular during three-quarters of the entire extent of the study, 
were monitored and the results of COD and ortho-P measurements are presented in 
Figures 5.35 and 5.36 respectively, as absolute values by the end of the anaerobic- 
and aerobic-phases. Anaerobic- and aerobic-COD removal efficiencies are plotted 
together with overall efficiencies (lower panel of Figure 5.35) to help describe the 
relation between the COD-removal performance of the biomass and the C-storage, 
feast-, and famine-phases. Initial COD concentrations in the reactor originating only 
from the influent (Si*), as well as initial volumetric biomass loading values (Si*/Xi) are 
also provided in Figure 5.35 (upper panel). The dark-shaded areas marked on the % 
COD-removal graph seen at the lower panel in Figure 5.35, represent the 
contribution of anaerobic COD-consumption to the overall COD-removal, whereas 
the light-shaded areas correspond to that of the aerobic COD-removal. “End of 
anaerobic period” values were not available for the data points marked solely with 
blank bars representing the overall COD-removal performance. 
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The first measurements on the 11th day of reactor operation indicated that the seed 
biomass had already been acclimated to metabolize propionate, as evident from a 
COD-removal efficiency of 96% (Figure 5.35). Moreover, the overall COD-removal 
efficiency was over 90% at all times, with a mode value of 96%, except for the data 
on Day91 being the minimum (51%). Remembering that Day91 was only 2 days 
after the “pH=12.8 incident” and the overall COD-removal efficiency increased from 
51% on Day91 first to 90% only in 6 days, and then to 94% on Day109, it was 
apparent that the granular biomass with a high resilience against the extreme pH 
value recovered quickly in terms of biochemical C-removal efficiency. These 
observations indicated that the aerobic granular biomass cultivated in the SBBR was 
stable not only with respect to granulation (Figure 5.38) but also with respect to 
COD-removal performance (middle panel in Figure 5.35), despite of moderately 
fluctuating trend of instantaneous initial volumetric biomass loading (Si*/Xi), as well 
as the occasional increases or decreases in the amount of propionate supplied to 
the system with the influent stream (upper panel in Figure 5.35). 
The anaerobic COD-removal capacity of the granular biomass originally present in 
ColPRC_TUM was already at a significant level on Day46, right before addition of 
the EBPR biomass to the system. Half of the COD was removed anaerobically (47% 
efficiency), leaving the rest of the propionate to the aerobic phase where fast and 
direct growth became possible together with aerobic C-storage (feast- and 
provisional famine-phases; 49% COD-removal efficiency). The corresponding 
metabolic/kinetic selection pressure on Day46 was 1.82 mg COD/mg COD. Addition 
of the EBPR biomass to the system on Day47 resulted in a decrease in all of the 
volumetric biomass loads (upper panel in Figure 5.35), though its impact on the 
extent of the anaerobic- and aerobic- COD removal efficiencies (middle panel in 
Figure 5.35), as well as on the extent of P-removal associated with EBPR (middle 
panel in Figure 5.36) was not clear or significant. 
At the beginning of Stage II-II, anaerobic COD-removal capacity of the granular 
biomass decreased down to an average of 16% (Days 60 and 69), which translated 
into a considerable leakage of the externally supplied propionate to the aerobic 
phase, and thus a shift in the balance between the metabolic- and kinetic-selection 
pressures towards the latter (i.e., AnaerLoad/AerLoad = 1.17 mg COD/mg COD on 
Day60). However, within only 6 days, anaerobic COD-removal efficiency increased 
immensely and reached to the maximum of all times on Day75. On that day, 85% of 
the overall COD-removal was due to anaerobic consumption, whereas only 11% 
was removed aerobically (Figure 5.35). 
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Figure 5.35: ColPRC_TUM: Anaerobic-, aerobic-, and overall-COD removal 
performance, in relation with initial biomass loadings with respect to COD and 
P:COD (values originating only from the influent)  
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These values translated into the second highest value for the AnaerLoad/AerLoad 
parameter (5.61 mg COD/mg COD), pointing to a successful and dominant 
metabolic selection pressure in favor of proliferation of the anaerobically C-storing 
and aerobically slowly-growing microorganisms (like PAOs and/or GAOs). In fact, 
this was the time point at which the second highest relative number of PAOs was 
detected via the FISH experiments carried out with a probe mixture consisting of 
three fluorescently-tagged oligonucleotide probes specific for three PAO-clusters 
forming the phylogenetic lineage of Candidatus Accumulibacter phosphatis (see 
Subsection 5.4.1.3, Figure 5.49 for the molecular data).  
After realization of the maximum on Day75, anaerobic COD-removal capacity of the 
granular biomass decreased first down to 78% on Day82, and then to 58% on 
Day88. As stated previously, the reactor received an influent with a pH value of 12.8 
for a total of 3 cycles between Days88 and 89. The result was realization of the 
lowest values both for the overall- and for the anaerobic-COD removal (51% and 
10%, respectively, on Day91, two days after the “pH=12.8 incident” (Figure 5.35)). 
This was followed by a rapid recovery. At the final episode of reactor operation, the 
overall COD-removal was again as high as approx. 93% (Days 109 and 124). 38% 
and 49% of this overall COD-removal occurred at the anaerobic phase on Days109 
and 124, respectively (Figure 5.35). 
As apparent from the graph given at the middle panel of Figure 5.36, the ortho-P 
dynamics determined for ColPRC_TUM were quite different than those determined 
for the wide-type reactors (Figures 5.11 and 5.24). The overall P-removal was 
higher than 27% at all times. Consequently, it was required to look into more details 
in terms of P-removal efficiencies, and thus in addition to the graph summarizing the 
anaerobic- and aerobic- COD-removal performances, a graph was constructed to 
address the P-removal performance of the biomass in the SBBR. Similar to the 
graph for COD-removal, the light-shaded areas marked on the %P-removal graph 
seen at the lower panel in Figure 5.36, correspond to the amount (percentile) of 
ortho-P removed from the bulk liquid during the aerobic phase, thus represent the 
contribution of aerobic P-removal to the overall removal performance, whereas the 
dark-shaded areas represent the amount of the ortho-P disappeared from the bulk 
liquid at the anaerobic phase. The latter might sound erroneous at first, knowing that 
the system was operated at a sequential anaerobic-aerobic mode and with a 
considerable amount of ortho-P in the influent, with the intention of applying a 
metabolic selection pressure to select for PAOs, thus obtain EBPR in the system, 
which is characterized by a significant P-release at the anaerobic-phase and a 
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higher P-uptake during the subsequent aerobic-phase. However, as stated in 
Chapter 4, Subsection 4.1.1, no pH-control was applied in ColPRC_TUM. The pH of 
the 3x concentrated feed stock, including propionic acid as the sole C-source, was 
always fixed to the neutral value (pH=7.0) before feeding the reactor where the 
concentrated feed was mixed with 2-volumes of tap water. Thus observation of a net 
anaerobic P-removal was considered as a consequence of chemical P-precipitation 
dominating over the EBPR-related anaerobic P-release. In fact, in EBPR systems, 
the pH in the bulk liquid is known to increase during aerobiosis due to biochemical 
conversion processes carried out by the PAOs, eventually resulting in a biologically 
induced chemical P-precipitation. Thus in an anaerobic-aerobic system where pH is 
let fluctuate, as was the case for ColPRC_TUM, the overall effect could be a net P-
removal resulting from combination of the P-removed from the bulk liquid due to 
biologically induced chemical precipitation and that  removed from the bulk liquid 
due to anaerobic/aerobic metabolism of the microorganisms performing EBPR. The 
graph given at the lower panel in Figure 5.36 and including the anaerobic-, aerobic-, 
and overall P-removal efficiencies was taken into account while evaluating the 
performance of the aerobic granular biomass of the SBBR in terms of biochemical 
P- conversion processes.  
In addition to the detailed description of the P-removal efficiency of the granular 
biomass maintained in ColPRC_TUM, the MLVSS/MLSS ratios were also calculated 
to provide supplementary data for evaluation of the P-removal performance 
observed in the SBBR. The ratio between the MLVSS and MLSS parameters for the 
biomass cultured in ARC_TUM and PRC_TUM was almost always higher than 83%, 
with a mode of 88% after the start-up periods of the wide-type SBRs. On the other 
hand, this ratio for the biomass in ColPRC_TUM was between 55-76% during the 
entire course of the study, with a mode of 67%. Hence, the MLVSS/MLSS ratios 
plotted together with the P-dynamics (upper panel in Figure 5.36), were considered 
as a probable quantitative indication of removal of P from the bulk liquid and its 
storage “in the biomass”, either in the form of intracellular poly-P granules (due to 
EBPR) or as chemical precipitates (on the surface of the granules due to EBPR-
induced increase in bulk liquid pH values or inside the granules due to increase in 
pH at the interior of the aerobic granules). At the lower panel seen in Figure 5.36, 
“end of anaerobic period” values were not available for the data points marked 
solely with blank bars representing the overall P-removal performance. 
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Figure 5.36: ColPRC_TUM: Ortho-P dynamics and changes in P-removal 
performance of the biomass. Pi*: Initial ortho-P excluding effluent value recycled 
from previous cycle to anaerobic period of next cycle. **Anaerobic P-removal: Net 
result of P-removal via chemical P-precipitation and P-release due to EBPR 
ColPRC_TUM: Initial Biomass Loads and MLVSS/MLSS ratios 
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In contrast to the cases explained for ARC_TUM and PRC_TUM, the overall P-
removal efficiency of the granular biomass cultured in ColPRC_TUM never dropped 
down to zero. In fact, % P-removal was 71% on Day11, and the overall efficiency 
was over 76% during Stage-I and Stage II-I (moderate vmin and high vmin, 
respectively) (Figure 5.36), pointing out to a significant P-removal capacity even 
before (as well as after) addition of the EBPR biomass to the system on Day47. 
However, upon changing the position of the discharge-end of the inlet tubing from 
top to bottom (after Day55, Stage II-II), bulk liquid ortho-P values measured both at 
the end of the anaerobic-phase and in the effluent increased significantly, resulting 
in a significant decrease in the overall P-removal efficiencies recorded on Days60 
and 69 (from 77% on Day55 down to 33% on Day60, and then to 27% on Day69). 
As mentioned above, the overall COD-removal performance of the biomass on the 
last two time points was still very high (96%), but the anaerobic-COD removal 
efficiencies on Days60 and 69 were very low (only 16%). Consequently and based 
on comparative evaluation of the COD- and P-removal efficiencies (Figures 5.38 
and 5.39, respectively) on these days, it was concluded that changing the inlet 
position from top to bottom resulted in realization of a transient state in terms of 
biochemical conversion processes associated with the EBPR phenomena. It should 
be noted that the granular biomass in the SBBR experienced a prolonged starvation 
period between Days63-66 (almost for 3 days) due to blockage of the discharge-end 
of the influent tubing (placed at the bottom of the reactor) by huge granules. 
During the rest of Stage-II, overall P-removal in the system fluctuated between 36-
66%, with the highest efficiency on Day91. Considering that the overall %P-removal 
was 52% (almost all of it at the anaerobic phase) on Day75, at which the anaerobic 
COD-removal was maximum of all times, whereas the maximum value of the overall 
P-removal was realized on Day91, at which the lowest overall- and anaerobic-COD 
removal performances were recorded, it was not possible to attribute the observed 
COD-removal efficiencies only to anaerobic metabolism of the PAOs, and some 
other microorganisms were to be present in the system, consuming propionate 
anaerobically without introducing a variation in the bulk liquid ortho-P budget. In fact, 
presence of the GAOs (whose metabolism fit to the abovementioned description) 
was confirmed via FISH experiments conducted with a probe or probe-mixture of 
two, targeting the GAO-clusters aligned within the phylogenetic lineage of 
Candidatus Competibacter phosphatis (see Subsection 5.4.1.3, Figure 5.49 for 
molecular data). 
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As previously mentioned, observation of P-removal during the anaerobic phase was 
considered to be the net result of biologically induced chemical P-precipitation and 
EBPR-associated P-release. This final suggestion was indirectly substantiated by 
the MLVSS/MLSS data plotted at the upper panel in Figure 5.36. As can be seen 
from the graph, this ratio fluctuated between 55-76% during the entire course of the 
study, with a mode value of 67%, pointing to a considerable amount of inorganic 
fraction in the total mass of solids. As stated previously, these values were 
significantly low compared to those of the biomass cultivated in the wide-type SBRs.  
5.3.8 Summary of the results and final discussions for the bubble-column 
reactor 
Changes in operational configuration and conditions, translating basically into two 
conditions of hydraulic-selection pressures (moderate and high pressure in terms of 
operationally determined settling velocities) are visually presented in Figure 5.37, 
together with the metabolic/kinetic-pressure levels introduced to and occurred in the 
SBBR throughout the entire course of the study. Progress of aerobic granulation in 
terms the average, minimum, and maximum dgra values recorded during the entire 
operational time is presented in Figure 5.38, in relation with the changes in 
hydraulic- and metabolic/kinetic-pressures that the biomass experienced. Changes 
in the morphological features of the formed granules are also plotted on the graph 
given in Figure 5.38. Finally, striking change in the granules’ outer layers right after 
the “pH=12.8 incident” on Day89, as well as the rapid repairment and replenishment 
of the damaged outer layers shortly after the incident are also visually presented by 
the micrographs given in Figure 5.38. 
As apparent from the graphs seen in Figures 5.37 and 5.38, the reactor was under a 
moderate hydraulic selection pressure during the first quarter of reactor operation 
(start-up period; constant vSAir of 1.71 cm/s and moderate vmin of 12.4 cm/min), and 
then was subjected to a high hydraulic selection pressure (constant vSAir of 1.71 
cm/s and high vmin of 37.2 cm/min) at the rest of the time (Stage-II), during which the 
values of the metabolic/kinetic-selection pressure-related parameters first decreased 
(Days47-70), then fluctuated and reached to significantly high levels, thus were of 
significance especially with regard to biochemical C- and P- removal efficiencies. 
To provide closure to comparative evaluation of the results in terms of the relations 
between the applied changes and the progress of aerobic granulation, all the results 
obtained for ColPRC_TUM are summarized in Table 5.8, together with the values of 
the constant, as well as the altered operational- and configurational-parameters. 
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Figure 5.37: ColPRC_TUM: Changes in operational configurations and conditions 
translating into varying hydraulic- (H.-Stage) and metabolic/kinetic-pressure (M/K.-
Stage) levels 
Results obtained for ColPRC_TUM and combined in Figures 5.37, 5.38, 5.39, and 
Table 5.9 can be summarized as follows, in comparison with the ones described for 
ARC_TUM in Subsection 5.1.9 and PRC_TUM in Subsection 5.2.8: 
(i) No significant biomass washout was experienced during the start-up period 
of ColPRC_TUM (Days1-25), and the biomass concentration fluctuated 
around approx. 2700 mg MLSS/L, under operational conditions of “moderate 
vmin, constant vSAir, feeding from top”. SVI values being constantly less than 
60 mL/g during Stage-I pointed to a high-quality biomass with respect to 
settling properties and compactness. 
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Figure 5.38: ColPRC_TUM / Progress of granulation: evolution of the granules in 
size and changes in morphology of the formed granules in relation with applied 
hydraulic- (H.-Stage) and metabolic/kinetic-pressure (M/K.-Stage) levels 
Micrographs are showing the granule structure before and after the pH=12.8 
incident on Day89. 
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(ii) Aerobic granulation had already started during the start-up period, and the 
first amorphous granules became visible inside the reactor one month after 
the start of operation (Day30). The time span for the granules to become 
visible for the first time in ARC_TUM and ColPRC_TUM was the same (1 
month), and was almost half of that for PRC_TUM (55 days). Extreme 
shearing conditions in the wide-type SBRs (together with decreased settling 
times) resulted in extensive biomass washout, loss of granule stability, and 
loss of the initial granules, whereas decreasing the TS from 3 to 1 min (thus 
increasing vmin from 12.4 to 37.2 cm/min) in the SBBR at the beginning of 
Stage II-I did not have a deteriorating impact on the already started progress 
of aerobic granulation; on the contrary biomass concentration increased 
more than 1.5-folds in 5 days (Day25 to 30). 
(iii) Although the three systems responded differently in terms of biomass 
concentration in the reactors, decreasing the settling time yielded the same 
result (at different degrees) in terms of effluent quality, which was determined 
to deteriorate for all three systems right after decreasing the settling time 
from 3 to 1 min. 
(iv) Similar to the cases for the wide-type SBRs, addition of the EBPR biomass to 
ColPRC_TUM on Day47, did not impose a major impact on the system (other 
than an increase in the MLSS value), as evident from the biomass 
compactness and settling properties, as well as the biomass concentration 
and effluent quality, following the same trends before and shortly after 
addition of the EBPR biomass.  
(v) The MLSS, ESS, and SVI data, as well as dgra values revealed that changing 
the reactor configuration after Day55 to feed the system from the bottom, in 
deed had a positive impact on progress of aerobic granulation in terms of 
increase in granule size. 
(vi) The MLSS, ESS, SVI and average dgra data collected until the “pH=12.8 
incident” on Day89 also indicated that the aerobic granular biomass 
cultivated in the SBBR, which was operated with a low TS (high vmin) and an 
constant vSAir, was much more stable, in terms of biomass characteristics and 
granulation, than those cultivated in the wide-type SBRs operated under 
either extreme- or relatively relaxed-hydrodynamic shearing conditions and 
with the same low TS value, but with much more relaxed vmin values due to 
the lower H/D ratios of the wide-type SBRs. 
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(vii) The MLSS, SVI, and ESS measurements, as well as monitoring the 
improvement in structural integrity of the granules after the “pH=12.8 
incident”, clearly showed that the aerobic granular biomass cultivated in the 
ColPRC_TUM had a high resilience against detrimental environmental 
impacts (i.e., extremely high pH values). Compact structure of the granules 
was considered to enable an efficient way of existence and functioning to all 
residing microorganisms, to provide extra retention time for the slow-growers, 
and a shelter from adverse external stimuli for most of the inhabitants. 
Hence, it was concluded that total recovery in terms of structural integrity, 
settling properties, biomass production, and progress of aerobic granulation 
was possible and rapid (within 8, 2-18, and 13 days, respectively) with a healthy 
aerobic granular biomass after extreme detrimental impacts on the system. 
(viii) In summary, in contrast to the cases described for the wide-type reactors, no 
“extensive biomass washout period” or “minimal-biomass-episode” was ever 
experienced in ColPRC_TUM, aerobic granulation proceeded in time without 
any instability (except right after the “pH=12.8 incident”), after the start-up 
period the biomass was totally granular at all times, the amount of granular 
biomass maintained in the SBBR was at a considerable level (approx. 4000 
mg MLSS/L) and settling properties were superior (<40-60 mL/g), 
supernatant was clear at all times, no foaming was recorded, and biofilm 
formation was not significant.  
(ix) The continuously increasing trend of %hydrophobicity values both during 
Stage-I and Stage-II of reactor operation, with an exception of a decrease on 
Day55, conveniently coincided with the continuous progress of aerobic 
granulation observed in ColPRC_TUM which was operated with hydraulic 
selection pressure conditions of “high vmin, constant vSAir” and feeding from 
top or bottom. These increasing trends were similar to those recorded for 
ARC_TUM upon initiation and then progress of aerobic granulation, that 
recorded for PRC_TUM upon initiation of granulation, and were also in line 
with those reported in the aerobic granulation literature in general. In addition 
to these general observations, the %hydrophobicity value recorded as 46% 
on Day89, when the “pH=12.8 incident” occurred and the outer layer of the 
granules were seriously damaged and the value measured as 50% the next 
day were considered as indications of resilience of the totally granular 
biomass to detrimental adverse effects and of high stability of the system with 
respect to biomass properties.  
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(x) Comparative evaluation of absolute values of the ExoPS and ExoPN, as well 
as the amount of these EPS-associated parameters per amount of biomass 
right after the start-up period and first appearance of the granules in 
ColPRC_TUM suggested a more pronounced role of- or impact on- ExoPN 
production with initiation of aerobic granulation in the SBBR.  
(xi) The absolute values of the EPS-associated parameters increased 
significantly and reached to their maxima (Day69) after changing the position 
of the discharge-point of the inlet pipe from top to bottom after Day55 (Stage-
II-II), whereas the amounts produced per biomass were either the same as-, 
or slightly higher than- those recorded prior to this change.  
(xii) The EPS-composition of the biomass in ARC_TUM was dictated by the level 
of shear applied in the system and the changes were mostly parallel to the 
progress of granulation in the system. That of the biomass in PRC_TUM 
seemed to be influenced primarily by the amount of biomass in the system 
which was also affected by the level of applied shear stress. On the other 
hand, extent of changes in EPS-composition of the biomass in ColPRC_TUM 
was less pronounced and it was not possible to talk about the influence of the 
shear stress, since the level of hydrodynamic shear stress was almost 
constant for the entire course of reactor operation of the SBBR.  
(xiii) Thus the only conclusions that can be derived from comparative evaluation of 
the EPS data from all three SBRs were that; (a) increasing trends in the 
absolute values of the EPS-associated parameters upon initiation of aerobic 
granulation in the systems were similar and were in line with the observations 
reported in the aerobic granular biomass literature, yet (b) composition of the 
EPS-matrix produced by the biomass in the wide-type SBRs were influenced 
by the extent of the hydrodynamic shearing conditions, whereas that of the 
biomass in ColPRC_TUM was independent of the shear stress, and finally (c) 
the ExoPS and ExoPN parameters were found to be successful indicative 
parameters to monitor and confirm progress of aerobic granulation, whereas 
the EPS-composition was concluded to be irrelevant and not informative with 
regard to granulation.  
(xiv) Similar to the cases for the wide-type reactors, operational time of 
ColPRC_TUM was categorized into two main stages with respect to applied 
hydraulic selection pressures; Stage-I (D1-25): “operation with moderate vmin, 
constant vSair”, and Stage-II (D25-124): “operation with high vmin, constant 
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vSair”. In addition, stages in relation to the levels of metabolic/kinetic-selection 
pressures-associated parameters were defined as “decreased” (D47-69) and 
“high” (D69-124). Hence, the SBBR was determined to be under the 
combined influence of a high hydraulic selection pressure, mainly due to high 
operationally set settling velocity of 37.2 cm/min rather than shear stress, and 
high metabolic/kinetic selection pressure during the second half of reactor 
operation (Days69-124).  
(ix) Since no extensive biomass-washout-period or minimal-biomass-episode 
ever occurred in ColPRC_TUM, in other words since the amount of biomass 
was always sufficient to secure a reasonable propionate conversion/removal 
rate, no extreme biomass loading was experienced in the SBBR, which was 
quite the opposite of the cases described for the wide-type reactors. 
Moreover, the metabolic selection pressure, in favor of selecting for 
anaerobically C-storing and aerobically slowly-growing microorganisms, was 
always in effect, and the balance between the metabolic- and the kinetic-
selections, expressed by the term AnaerLoad/AerLoad, was mostly in the 
direction of the former.  
(x) AnaerLoad/AerLoad ratio two days and seven days after the “pH=12.8 incident” 
being the minimum and maximum of all times, respectively, was considered 
as the quantitative verification of resilience of the aerobic granular biomass 
against adverse environmental impacts and the sign of rapid recovery of the 
biomass not only in terms of granulation-related characteristics, but also in 
terms of quick improvement in biochemical C-removal processes. 
(xi) The metabolic pressure in terms of influent P-to-COD ratio (initial 
instantaneous PO4-P:COD ratio; Pi*/Si*) applied externally in order to 
promote proliferation of the PAOs, was constant at a value of 0.55 mg PO4-
P/mg COD (or COD:P ratio of 18.2; a value comparable to those reported in 
the limited aerobic granular EBPR biomass literature), except for couple of 
time points, whereas the indirect measure expressed as [PTi/CODTi] and 
included not only the values originating from the influent but also those from 
the effluent of the previous cycle recycled to the head of the anaerobic 
phase, fluctuated in accordance with the changes in the P- and COD- 
removal capacities of the granular biomass in ColPRC_TUM. 
(xv) Overall COD-removal efficiency of the biomass in the SBBR was over 90% at 
all times, with a mode of 96%, despite of moderately fluctuating 
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instantaneous initial volumetric biomass loading values and occasionally 
varying influent strength. The only exception was right after the “pH=12.8 
incident”, but the system recovered in 6 days.  
(xvi) Anaerobic COD-removal efficiency values fluctuated between 10-16% 
(shortly after the “pH=12.8 incident” and for two weeks after the changing the 
inlet position from top to bottom, respectively), and 85% (on Day75).  
(xvii) Overall % P-removal was over 76% during Stage-I and Stage II-I, and 
addition of the EBPR biomass did not result in a pronounced change. On the 
other hand, a significant decrease in P-removal capacity was recorded after 
changing the position of the discharge-end of the inlet tubing from top to 
bottom (from 77% on Day55 down to 33% on Day60, and then to 27% on 
Day69), coinciding also with considerably low anaerobic COD-removal 
efficiencies (16%) despite of an overall C-removal as high as 96%. Based on 
these observations and also considering the values of P-to-COD ratios 
([Pi*/Si*] and [PTi/CODTi]) during this period, it was concluded that changing 
the inlet position from top to bottom resulted in realization of a transient state 
in terms of biochemical conversion processes associated with the EBPR 
phenomena (first two weeks of Stage II-II), during which a prolonged 
starvation was also experienced (between Days63-66). 
(xviii) The overall-, anaerobic-, and aerobic- COD and P-removal efficiencies 
obtained during the rest of Stage-II revealed that it was not possible to 
attribute the observed anaerobic COD-removal efficiencies only to the 
anaerobic metabolism of the PAOs in ColPRC_TUM. The suggestion of 
presence of some other microorganisms consuming propionate anaerobically 
without causing a variation in the bulk liquid ortho-P budget was confirmed to 
some extent by the results of the FISH experiments which revealed the 
presence of a GAO-population together with the PAOs in the SBBR.  
(xix) The MLVSS/MLSS ratio for the biomass cultured in ARC_TUM and 
PRC_TUM was almost always higher than 83%, with a mode of 88% after 
the start-up periods of the wide-type SBRs. On the other hand, this ratio for 
the biomass in ColPRC_TUM was between 55-76% during the entire course 
of the study, with a mode of 67%. Consequently, the relatively low level of 
MLVSS/MLSS ratio of the biomass in the SBBR was considered as a 
probable quantitative indication of removal of P from the bulk liquid and its 
storage “in the biomass”, either in the form of intracellular poly-P granules 
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(due to EBPR) or as chemical precipitates (on the surface of the granules 
due to EBPR-induced increase in bulk liquid pH values or inside the granules 
due to increase in pH at the interior of the aerobic granules). 
(xx) As stated above, changing the operational configuration after Day55 to feed 
the system from the bottom of the reactor resulted in an enhancement in the 
progress of aerobic granulation in terms of increase in granule size. On the 
other hand, the data on P- and COD-removal efficiencies of the granular 
biomass, together with the operationally-set and microbially-influenced 
metabolic selection pressure in terms of P-to-COD ratios, indicated that the 
EBPR-associated processes initially deteriorated (first two weeks of Stage II-
II) and a transient state was realized upon application of this configurational 
change. Concomitantly, it was concluded that changing the position of the 
discharge-end of the inlet pipe from top to bottom had a positive influence on 
progress of granulation but not on EBPR performance of the biomass. 
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5.4 Microbial Community Composition and Dynamics during Initiation and 
Progress of Aerobic Granulation Determined via Advanced Molecular Techniques 
As previously stated in Chapter 2, Section 2.8, correlating the microbial community 
structure with observed phenotypic characteristics, is essential for acquiring a 
comprehensive insight for activated sludge processes. The culture-independent 
advanced molecular techniques have been in use as non-invasive tools for in situ 
evaluation of population diversity and dynamics in activated sludge systems, and it 
is expected that this will help meaningfully fill the gap between science and 
engineering, particularly in the field of biological WWT. Moreover, application of 
such techniques is of use in exploring changes in community structure during 
transitioning from a dispersive- to an adhesive/aggregative physiology. Hence, it is 
speculated here that a more in depth insight can be obtained for the aerobic 
granulation phenomena, which has started to evolve into a new and promising 
biological WWT technology with enhanced feasibility, if such systems are evaluated 
with respect to microbial community composition and dynamics (through application 
of culture-independent advanced molecular techniques), in relation with biochemical 
conversion processes and progress of granulation.  
Formation and progress of aerobic granulation influenced by hydraulic- and/or 
metabolic/kinetic selection pressures in three SBRs were evaluated in details, 
together with observed biochemical conversion processes, at the preceding 
Sections. This current Section is dedicated to evaluation of the results obtained from 
two categories of experiments conducted with advanced molecular techniques to 
determine the microbial community composition and dynamics at higher- and lower-
taxonomic levels (via FISH applications) and to describe evolution of the bacterial 
community composition from suspended/floccular state to aerobic granular form (via 
DGGE applications) during initiation and progress of aerobic granulation in 
ARC_TUM, PRC_TUM, and ColPRC_TUM, which were operated under altered 
hydraulic- and metabolic/kinetic-pressures.  
5.4.1 Microbial community profiling via FISH: composition and dynamics at 
higher- and lower-taxonomic levels 
Within the framework of this current study, whole cell hybridizations with 
fluorochrome-tagged oligonucleotide probes targeting SSU or LSU rRNAs of 
members of the α-, β-, and γ-subclasses of the Proteobacteria, SSU rRNAs of PAO-
clusters, and those of GAO-clusters, were employed to determine the microbial 
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community composition and dynamics at higher- and lower-taxonomic levels, 
respectively, during the progress of aerobic granulation in the abovementioned 
systems. Materials and probes used in this part of the study were listed in Chapter 
4, Section 4.4. Both the experimental procedures employed during the molecular 
analyses, and description of the “subjective/manual but a methodic procedure” 
including the “relative–scoring approach” used for quantification of the FISH results 
were also provided in Chapter 4, Section 4.4.  
Samples investigated and probes used in quantitative FISH experiments are listed in 
Appendix B, Table B.3, together with critical observations on changes in operational 
conditions and biomass characteristics recorded during the course the study. 
Selected micrographs, captured by the CCD-cam fit to the CLSM and obtained 
during the FISH experiments employed on the biomass samples collected from the 
three SBRs are given in Appendix B, Figure B.3. The “morphotype chart”, including 
all of the morphotypes observed during the diagnostic FISH experiments, is 
presented in Appendix B, Figure B.4. Summary of the results regarding the relative 
abundances of various morphotypes detected in the biomass samples collected 
from ARC_TUM, PRC_TUM, and ColPRC_TUM, during the entire course of reactor 
operation, can be found in Appendix B, Tables B.4, B.5, and B6, respectively.  
5.4.1.1 Microbial community composition-dynamics in the acetate-fed reactor 
Overall results of the subjective- and semi-quantitative FISH experiments employed 
on the biomass samples from ARC_TUM to determine composition of the microbial 
community, relative abundances of the Proteobacterial sub-classes, as well as 
presence and relative abundances of PAOs and GAOs in the reactor, and to monitor 
populations shifts during the course of reactor operation are visually presented in 
Figures 5.40 and 5.41, respectively. Results on microbial community composition 
and shifts among members of the Proteobacterial subclasses monitored during 
initiation and progress of aerobic granulation in ARC_TUM (Figure 5.40) are 
summarized below. 
Contribution of all three subclasses to the overall Proteobacterial community on 
Day1 (inoculum from a full-scale conventional WWTP) was more or less the same 
(33%). A clear shift within the Proteobacterial community had become apparent 
within 2 weeks of lab-scale operation under defined conditions of pulse-feeding, 2-h 
anaerobiosis prior to aeration, feeding with synthetic influent including acetate as the 
sole C-source, and ortho-P at a COD:P ratio of 18.2 mg COD/mg PO4-P. This 
community shift was characterized by a clear decrease in relative abundancy of the 
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ARC_TUM: Population dynamics at higher taxonomic level
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γ–Proteobacterial subclass, and a balanced increase in α– and β–subclasses (Day15). 
Microbial community composition did not change significantly during the rest of Stage-
I of “operation under extreme shearing conditions” (Subsection 5.1.4.1), except for the 
last day of this stage. Biomass concentration in the reactor was still at an acceptable 
level (Figure 5.3) on Days15, 32, and 50 (Stages I-I, I-II, and I-IV, respectively), but 
much lower on Day74 due to continuous and extensive biomass washout during 
Stage I-V. The biomass remaining inside the reactor and exposed to extreme shearing 
conditions between Days15-74 was characterized by a low level of γ–Proteobacterial 
community (<10% of the total Proteobacteria) and high levels of α–and β–subclasses, 
the latter having a slightly higher relative abundancy than the former.  
Community shift (within class Proteobacteria) was extremely pronounced between 
Days74 and 86, the latter marking the last day of Stage-I at which the amount of 
biomass inside the reactor was minimum (70 mg MLVSS/L). There was a clear shift 
in the direction of elimination of members of the α– and β–Proteobacteria and 
eventual dominance of members of the γ–Proteobacteria, parallel to the extensive 
and steady biomass washout during Stage I-VI of operation under the most severe 
shearing conditions. Distribution of relative abundances of α–, β–, and γ–
Proteobacterial subclasses on Day92 (beginning of Stage II-I; 53 mg MLVSS/L) was 
the same as that on Day86, indicating that community structure during the “minimal-
biomass episode” was dominated by members of the γ–Proteobacteria.  
 
 
 
 
 
 
 
 
 
 
Figure 5.40: ARC_TUM: Microbial community composition on individual days and 
shifts among members of the Proteobacterial subclasses monitored during initiation, 
formation, and progress of aerobic granulation. Dark-shaped circles: average dgra; 
Light-shaded circles: maximum dgra. Last two points: size granules on Day163. 
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Upon end of the “minimal-biomass-episode” and start of aerobic granulation in the 
system (after Day95), which was operated under decreased shearing conditions 
during Stage-II, the relative abundances of the α– and β–Proteobacteria increased 
significantly in comparison to that of the γ–Proteobacteria (Day106). The community 
structure, characterized by a low level of γ–Proteobacterial subclass (<22%) and high 
levels of α– and β–Proteobacterial subclasses (together approx. >80%), remained 
fairly constant throughout the rest of reactor operation during which aerobic 
granulation proceeded progressively, biomass concentration in the reactor 
increased, settling properties and compactness of the newly forming granular 
biomass was good as revealed by low SVI values, and the newly forming granules 
continuously grew in size till Day136. A similar community composition was also valid 
even after disturbance of the granulation process, loss of granule stability, occurrence 
of the filamentous-outgrowths on granules’ surfaces, and formation of floccular 
biomass in the system after Day136. Similar to case at Stage-I, relative abundancy of 
the β–Proteobacteria was slightly higher than that of the α–Proteobacteria. 
In summary, members of the γ–Proteobacteria were present in much higher 
quantities during the “minimal-biomass-episode”, when foaming and extensive 
biofilm formation on the walls of the reactor were also recorded. Yet, these 
microorganisms were washed out, or outcompeted by the members of the other two 
Proteobacterial sub-classes upon initiation and during progress of aerobic 
granulation inside the reactor. On the other hand, members of the α– and β–
subclasses of the Proteobacteria were always present at high quantities as long as 
an acceptable amount of biomass was present in the system, independent of the 
extent of the applied hydraulic- and/or metabolic/kinetic-pressures exerted on the 
biomass, or state of granulation (progressive or disturbed).  
Based on these observations, members of the α– and β–subclasses of the 
Proteobacteria, but not those of the γ–subclass, were speculated to have a 
significant role in aerobic granulation observed in ARC_TUM. This final statement 
was in line with the observations and conclusions reported by Etchebehere et al. 
(2003). As detailed in Chapter 2, Subsection 2.8.2, the researchers stated that the 
results from the FISH experiments employed on the aerobic granular biomass 
attained in their system revealed a microbial community highly enriched in α- and β-
subclasses of Proteobacteria, with no members from the γ-subclass. Moreover, the 
quantitative results were in line with the qualitative ones (SSCP-profiling) of 
assignment of some dominant peaks to the genera within the α- and β-subclasses 
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of Proteobacteria, all suggesting that the members of the α- and β-Proteobacteria 
had a significant role in the process of aerobic granulation. 
Presence of the PAO- and GAO-populations in biomass from ARC_TUM, and 
changes over time and in relation with observed C- and P-removal performances, 
are presented in Figure 5.41, where the maximum value on the y-axis is 5%. As 
apparent from the graph, the relative abundancies of both the PAO- and GAO-
populations were less than 5% of the total bacterial community determined from the 
signals originating from the EUB338Mix (total coverage of 91% for domain Bacteria), 
or under 1 of the “relative scoring chart”, at all times. It should be noted that the 
PAO- and GAO-specific probes used in this study had been designed for certain 
phylogenetic clusters of the functionally approved PAO- and GAO-isolates (Chapter 
3, Section 3.4). Thus the quantitative results governed from application of these 
probes were limited to detection of members of these certain PAO- or GAO-clusters, 
and did not necessarily give complete information about the overall PAO- or GAO-
populations present in the system, since it was not possible to determine the 
contribution from microorganisms other than those targeted by these probes. 
Results presented in Figure 5.41 can be summarized as follows:  
Values for Day1 revealed that both the PAO- and the GAO-clusters targeted with the 
applied probes were present, albeit in low quantities, approximately at the same 
levels in the inoculum. Despite that the WWTP had not been operated for EBPR, 
presence of PAOs and GAOs in the inoculum was considered as an indication of a 
high microbial diversity in the inoculum, which had been treating a real domestic 
wastewater with various types of C-sources.  
On Day15, P-uptake/P-release was 0.68 P-mol/P-mol, and P-release/C-uptake was 
0.16 P-mol/C-mol. The first ratio being <1 indicated that the amount of ortho-P 
anaerobically released by the PAOs was higher than that aerobically consumed by 
the same functional group, resulting in P-leakage to the effluent, and indicating that 
the biochemical processes related with the EBPR phenomena had not been 
stabilized as of Day15. The low value for anaerobic P-release/C-uptake suggested 
the presence of microorganisms other than the PAOs, who were able to consume 
externally available acetate during the anaerobic period, without releasing any ortho-
P to the bulk-liquid. The latter describes the GAO-phenotype and thus molecular 
data showing the presence of targeted GAO-cluster qualitatively supported the 
biochemical data suggesting the presence of the GAO-phenotype in the system. 
Although the overall COD-removal efficiency on Day15 was 97%, the anaerobic 
COD-removal efficiency was only 18%, and most of the COD was removed during 
 299
ARC_TUM: Changes in PAO- and GAO-populations (within <5%)
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the aerobic period (79%; see Figure 5.10). Detection of PAO- and GAO-populations in 
low levels was in line with observation of only 18% anaerobic COD-removal efficiency. 
Moreover, 79% of aerobic COD-removal efficiency suggested the functional 
dominance of other microorganisms growing at the aerobic phase where externally 
supplied acetate leaking from anaerobic- to aerobic-phase, became available for fast 
and direct growth (and for aerobic C-storage, if undergone). The latter also pointed 
to disturbance of the discontinuity required for complete elimination of the feast 
period and for metabolic selection pressure in favor of anaerobically C-storing 
organisms with a presumptive preference of an aggregative-physiology.  
The significant decrease in relative abundancy of the PAOs between Day15 and 
Day32, coincided with loss of the EBPR capacity in the system, despite of 
application of metabolic selection pressure in favor of growth of the PAOs (feeding 
with acetate; COD:P ratio of 18.2 mg COD/mg PO4-P in the influent; 2-h 
anaerobiosis prior to aeration), indicating that the slow-growing PAO-population 
detected in the inoculum was washed out within a month (operation under extreme 
hydrodynamic shearing conditions). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.41: ARC_TUM: Changes in levels of PAO- and GAO-populations in 
relation with overall P-removal and anaerobic COD-removal efficiencies of the 
system, and with applied P:COD ratios.  
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During the “extensive biomass washout period” towards the end of Stage-I (extreme 
shearing conditions) and the “minimal-biomass-period” at the beginning of Stage-II, 
EBPR capacity was zero, anaerobic COD-removal capacity was gradually lost, and 
parallel to those, relative abundances of the slow-growing PAOs and GAOs 
remained significantly low (Days74, 86, and 92). Detection of slow-growing PAOs 
and GAOs on those days, albeit in very low levels, were speculated to be due to the 
presence of granules in the system (with increasing aver. dgra values; Figure 5.40), 
providing a safe microenvironment for- thus elongating the retention time of- these 
slow-growers, who where under the threat of being washed out due to extreme/high 
hydrodynamic shear forces, but were able to grow under the applied metabolic-
selection pressure, via locating themselves on the surface of the aerobic granules.  
Increase in relative abundances of both PAOs and GAOs recorded on Days127 and 
136 coincided with partial restoration of the EBPR capacity and anaerobic COD-
removal efficiency in the system. Yet, the highest relative scores for both populations 
were obtained on Day148, at which both the EBPR and the anaerobic COD-removal 
performances were lower than before. Based on these observations, it was 
speculated that once an aerobic granular biomass was maintained in the system (at 
Stage-II), the slow-growing PAO- and GAO-populations were able to reside in the 
reactor, despite of their low growth-rates, via locating themselves on the already 
formed granules or via transforming from a dispersed- to an aggregative physiology, 
yet upon disturbance of the granulation process after Day136 (loss of granule 
stability, occurrence of filamentous-outgrowths on granules’ surfaces, formation of 
floccular biomass), they were outcompeted and gradually washed out of the system. 
There was no clear evidence in terms of biochemical data or operational conditions 
to explain absence of PAOs on Day106 as suggested by the molecular data.  
5.4.1.2 Microbial community composition-dynamics in the propionate-fed reactor 
Microbial community composition and shifts among members of the Proteobacterial 
subclasses during initiation and progress of aerobic granulation in PRC_TUM are 
presented in Figure 5.42. Community composition of the biomass remained fairly 
constant for the first 67 days operation, including the entire period of “extreme 
shearing conditions” (Stage-I; Days1-47) and the early stages of “decreased 
shearing conditions” (Stage II-I; Days47-55, and Stage II-II; Days55-67). For about 2 
months, the floccular biomass was dominated by members of the α– and β–subclasses 
with relative abundances of around 40% and 50%, respectively. Level of the γ–
Proteobacterial subclass (around 10%) was much lower than those of the others.  
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PRC_TUM: Population dynamics at higher taxonomic level
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A major shift was observed between Days67 and 75: members of the γ–subclass 
became the dominant Proteobacterial subclass (58%), while the relative abundancy 
of the α–subclass decreased significantly (down to 26%) and members of the β–
subclass were extensive diluted from the system (relative abundancy decreased 
from 50% to 16%). This period also corresponded to the early days of the “minimal-
biomass-episode” during which the amount of biomass in the reactor was less than 
45 mg/L and the few granules present in the system had extensive filamentous 
outgrowths on their surface. Similar to the case for ARC_TUM, foaming and 
extensive biofilm formation were also recorded for PRC_TUM during this period. The 
pronounced shift towards elimination of the α– and β–subclasses and dominance of 
the γ– subclass upon realization of the minimal-biomass episode and increase in 
number of filamented-granules in PRC_TUM (Day75) was similar to that reported 
above for ARC_TUM (Days86 and 92). Relative abundancy of the α–Proteobacterial 
subclass remained fairly constant (at around 25-30%) during the rest of the minimal-
biomass-episode (ending on Day97) under decreased shearing conditions, while the 
γ–subclass of Proteobacteria were gradually replaced by the β–subclass (the latter 
increased from 16% on Day75 to 43% on Day97). However, on Day109, 
corresponding to rapid progress of granulation in the system with fewer yet still 
significant amount of filamentous outgrowths on granule surfaces, the relative 
abundancy of the γ–Proteobacterial subclass was again as high as 44%, that of the β–
subclass was 22%, and that of α–Proteobacterial subclass slightly increased to 33%. 
 
 
 
 
 
 
 
 
 
 
Figure 5.42: PRC_TUM: Microbial community composition on individual days and 
shifts among members of the Proteobacterial subclasses monitored during initiation, 
formation, and progress of aerobic granulation. Dark-shaped circles: average dgra; 
Light-shaded circles: maximum dgra. Last two points: size of granules on Day124. 
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PRC_TUM: Changes in PAO- and GAO-populations (within <5%)
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Results obtained from hybridization of the biomass samples with the PAO- and 
GAO-specific probes and graphed in Figure 5.43 can be summarized as follows: 
Relative abundance of PAOs recorded on Day1 and Day11 were higher than 5%, 
indicating that they were present in the inoculum at a significant level and remained in 
the system for the first 11 days of operation, during which extreme shearing conditions 
were applied, but no excessive biomass washout was observed and biomass 
concentration increased continuously (Subsection 5.2.3.1). Only a small population of 
GAOs was present in the inoculum, yet these organisms were rapidly enriched in the 
system (together with the PAOs) which was fed only for 5 min at the beginning of the 
2-hr anaerobic period. After the start-up period, the relative abundances of both the 
PAOs and the GAOs continuously decreased, eventually resulting in complete 
washout of these slow-growers from the system (on Day109). During this gradual 
washout, the highest value for the PAOs (approx. 3%) was recorded on Day55. This 
slight and tentative increase in the PAO-abundancy was attributed partly to addition 
of an EBPR biomass to the system on Day47. It should be noted this time point also 
corresponded to the period when the EBPR efficiency was around its highest level 
(33% on Day53, except the value of 64% recorded on the last day of operation).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.43: PRC_TUM: Changes in levels of PAO- and GAO-populations in 
relation with overall P-removal and anaerobic COD-removal efficiencies of the 
system, and with applied P:COD ratios.  
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5.4.1.3 Microbial community composition-dynamics in the bubble-column reactor 
Results of the FISH experiments conducted on biomass samples collected from 
ColPRC_TUM, to determine the microbial community profile in terms of relative 
abundances of Proteobacterial sub-classes on individual days, and to monitor shifts 
among members of these subclasses during the entire course of reactor operation 
are visually presented in Figure 5.44, together with progress of granulation 
described in terms of evolution in size. Results can be summarized as follows: 
PRC_TUM and ColPRC_TUM shared the same inoculum, hence community 
composition on Day1 was the same: more than half of the Proteobacterial 
community comprised from β–subclass (53%). Contribution of the α–subclass was 
also significant (37%), whereas that of the γ–Proteobacteria was low (11%). 
However, contrary to the case for PRC_TUM, there was a clear shift in community 
composition in ColPRC_TUM operated with a relaxed shear rate (vSair= 1.71 cm/s) 
and a moderate hydraulic selection pressure (vmin= 12.4 cm/min) during the start-up 
period: relative abundances of the dominating Proteobacterial subclasses 
decreased and that of the γ–subclass increased within 11 days (22%, 38%, and 
40% for α–, β–, and γ–subclasses, respectively).  
Operating the SBBR with the same shear rate but increasing the hydraulic selection 
pressure significantly (vmin= 37.2 cm/min) resulted in a gradual change in distribution 
of the Proteobacterial subclasses: members of the γ–subclass were gradually 
replaced by those of the α–subclass, while percent of the β–subclass remained 
more or less the same till Day53. Meanwhile, the biomass had already turned into a 
totally granular one (right after the start-up period). After Day53, relative abundancy 
of members of the γ–Proteobacterial subclass increased steadily (from 8% on Day53 
to 39% on Day75), while those of the others fluctuated during the following month. 
The Proteobacterial community on Day75 was characterized by homogeneously 
dominating β– and γ–subclasses (both 39%). Only operational change applied at 
this period was changing the position of the discharge-end of the influent tubing from 
top to bottom of the reactor, which also resulted in a considerable increase in size of 
the granules (from Day47 to Day68, average dgra increased from 1.17 to 3.28 mm). 
The reason for the difference between Day75 and 88 was not clear. Community 
profiles on Day88 and Day109 were more or less the same, and characterized by 
higher contributions from members of the α– and β–Proteobacterial subclasses, 
when compared to that from the γ–subclass. Community composition on Day97, 
which was dominated by members of the γ– Proteobacterial subclass (54%) and  
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ColPRC_TUM: Population dynamics at higher taxonomic level
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Figure 5.44: ColPRC_TUM: Microbial community composition on individual days and 
shifts among members of the Proteobacterial subclasses monitored during initiation, 
formation, and progress of aerobic granulation. Dark-shaped circles: average dgra; 
Light-shaded circles: maximum dgra. Last two points: size of granules on Day124. 
was significantly different than the compositions determined for the aerobic granular 
biomass samples collected at the previous and following time points (Days88 and 
109), was attributed to occurrence of the “pH=12.8 incident” on Day89, which also 
caused a serious damage and degradation on the outer layers of the granules, and 
resulted in a dramatic deterioration in settling properties and compactness of the 
totally granular biomass (Subsection 5.3.3.2). The profiles being more or less the 
same right before and after the “pH=12.8 incident” was considered as implying the 
re-stabilization of the Proteobacterial distribution parallel to the rapid recovery of the 
biomass both in terms of granulation-related properties and removal efficiencies.  
Based on these observations in general and similar to the case described for the 
acetate-fed reactor, members of the α– and β–subclasses of Proteobacteria were 
speculated to be selected during the aerobic granulation process. 
Results of the FISH experiments conducted to determine the relative abundances of 
the PAO- and GAO-populations in the aerobic granular biomass of the SBBR in 
relation with the observed C- and P-removal performances are visually presented in 
Figure 5.45. The followings are some highlights from these observations: a 
significant PAO-population was present in the inoculum (Day1), on the other hand, 
only a small population of GAOs was present in the inoculum. Yet within 11 days, 
these organisms were enriched in the system (together with the PAOs) which was fed 
only for 5 min at the beginning of the 2-hr anaerobic period.  
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ColPRC_TUM: Changes in PAO- and GAO-populations (within <5%)
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Parallel to the decrease in anaerobic COD-removal capacity of the system observed 
during two months of reactor operation, relative abundances of both the GAOs and 
the PAOs decreased continuously. One exception for PAOs was recorded on 
Day53. The relative PAO-abundancy on that day was higher than those recorded on 
the previous and following time points (Days 47 and 60, respectively), and similar to 
the case described above for PRC_TUM, this slight and tentative increase was 
speculated to be due to addition of the EBPR biomass to ColPRC_TUM on Day47.  
One interesting point was that a significant level of PAOs was detected on Day75, 
when the anaerobic COD-removal efficiency of the system was its highest level 
(85% anaerobic and 11% aerobic C-removal; Subsection 5.3.7). Again, parallel to 
the decrease observed in the anaerobic COD-removal efficiency of the system after 
that day, both the PAOs and the GAOs were washed out of the system, as apparent 
from the molecular data. It should be noted that, changes in relative abundancy of 
the PAOs were preferred to be compared to changes in anaerobic COD-removal 
performance of the SBBR, rather than to fluctuations observed in overall P-removal 
performance, since the latter was determined to be not only due to EBPR but also 
included removal due to chemical P-precipitation (Subsection 5.3.7). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.45: ColPRC_TUM: Changes in levels of PAO- and GAO-populations in 
relation with overall P-removal and anaerobic COD-removal efficiencies of the 
system, and with applied P:COD ratios.  
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5.4.2 Microbial community profiling via DGGE: from floccular inoculum to 
granular biomass 
As stated in Chapter 2, Subsection 2.8.1, community profiling through application of 
the DGGE technique is based on resolution of the PCR amplicons, generated from 
SSU rDNAs in a complex microbial community, on a denaturing gradient agarose 
gel and comparative evaluations of the data. DGGE procedure can be used as a 
down-stream application, i.e. for monitoring microbial population shifts in time or due 
to changes in operational conditions, or for describing the microbial community 
profile in a system under defined conditions. Some of the most recent studies where 
the DGGE technique was applied for community profiling of the aerobic granular 
biomass systems were previously reviewed in Subsection 2.8.2. 
Within the framework of this current study, biomass samples were collected from 
ARC_TUM, PRC_TUM, and ColPRC_TUM, which were operated under altered 
hydraulic- and metabolic/kinetic-pressures, and evaluated in details at the previous 
sections (Sections 5.1, 5.2, 5.3, respectively) with respect to progress of aerobic 
granulation and extent of changes in C- and P-removal efficiencies. DGGE 
procedure was employed on these samples to describe evolution of the bacterial 
community composition from suspended/floccular form (inoculum) to aerobic 
granular state in these systems. For that purpose, genomic DNAs were extracted 
from the biomass samples, SSU rDNAs were amplified between V6 and V8 regions, 
PCR-amplicons locked at one end with GC-clamps were run on 38% to 55% 
denaturing gradient gels which were silver-stained for visualization, and images 
were recorded digitally. Details of these procedures, as well as those of the 
materials used during these works were provided in Chapter 4, Section 4.4, and in 
Appendix A.  
5.4.2.1 Microbial community composition-dynamics in the acetate-fed reactor 
Digital image of the DGGE gel revealing the bacterial community profiles of the 
biomass samples collected from ARC_TUM at different time points, representing 
different stages of reactor operation, is given in Figure 5.46. The phylogenetic-tree, 
constructed by processing the digital image of the DGGE gel via image analyses 
(see Chapter 4, Section 4.4 for details), and showing the phylogenetic relatedness 
among the microbial communities cultivated in ARC_TUM under altered hydraulic- 
and metabolic/kinetic pressures and exhibited different C- and P-removal, during the 
progress of granulation in the system, is presented in Figure 5.47. 
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The results derived from the raw data seen in Figure 5.46 and from the processed 
data given in Figure 5.47 can be summarized as follows to help describe the 
phylogeny-based population dynamics in relation with the phenotypic-plasticity 
promoted evolution from the floccular form (dispersive-physiology) to the granular 
state (adhesive-aggregative physiology) observed in ARC_TUM: 
The lanes seen at the most left and right sides of the gel and marked as “IPC” 
(Figure 5.46), show the DGGE profile of the inoculum common for the propionate-
fed reactors, and the next ones marked as ”D1” show the DGGE profile of the 
biomass used to inoculate the acetate-fed reactor. The DGGE profile of the third 
biomass sample taken from a full-scale treatment plant is the one seen at the middle 
of the gel and marked as “EBPR” (Figure 5.46). This was the biomass sample 
collected from the nitrification tank of a full-scale BNR treatment plant, and added to 
all three SBRs at the same time (on Day86 to ARC_TUM, and Day47 to the others). 
As expected, the DGGE profiles with numerous bands revealed that these “full-scale 
biomass samples” were quite diverse in terms of phylogeny. 
As stated in Chapter 4, seed biomass for all three SBRs were collected from the 
same full-scale, conventional, C-removing WWTP, and from the same sampling 
point, but at different times (the one used as the seed for the propionate-fed reactors 
was collected approx. 40 days after that used in the acetate-fed SBR). Moreover, 
the inoculum for ARC_TUM was aerated and starved for 96 hours in the lab prior to 
start of regular reactor operation, whereas the one used to start the propionate-fed 
SBRs was aerated and starved only for 24 hours prior to addition to the systems. 
The abovementioned differences in time of sampling and extent of starvation were 
considered to be the probable causes of obtaining different community profiles for 
the inocula, originating from the same source. Still, as apparent from the 
phylogenetic-tree seen in Figure 5.47, shortest distance from sample D1 was to 
sample IPC, pointing to a high phylogenetic relatedness between the two inocula.  
The EBPR biomass had a high microbial diversity as well (numerous DGGE bands), 
however both the community profile visualized in Figure 5.46 and the phylogenetic 
relatedness data given in Figure 5.47 indicated that the community profile of that 
was very different than those of the seed biomass (D1 and IPC). This was 
considered as an expectable result, since the biomass samples used to seed the 
reactors were from a conventional C-removing WWTP, whereas the EBPR biomass 
was from a BNR system; the latter requiring the presence of various microbial 
populations specialized in different biochemical functions, thus suggesting a higher 
diversity at least in terms of function, if not in terms of phylogeny.  
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Figure 5.47: ARC_TUM / Phylogenetic relatedness of microbial communities and 
clustering of aerobic granular biomass. *Day1: Inoculum for ARC; **I_P+C: 
Inoculum for PRC and ColPRC. Scale at the top showing 5% distance.  
There was a clear shift in the community composition during the start-up period, as 
evident from the profiles of Day15 and Day21 being different than that of the 
inoculum (Figure 5.46). This apparent shift was considered as an indication of the 
seed biomass adapting to metabolize a single C-source (pulse-fed), in a lab-scale 
reactor, operated at sequencing-batch mode and under extreme shearing 
conditions; all of these being different than the conditions that the seed biomass had 
been exposed to at full-scale. Several bands were common to both samples, and 
detection of 4 or 5 common bands with highest band intensities, presumably 
representing the clusters predominating at Days15 and 21 (Figure 5.46), was 
considered as an indication of some sort of a selection in the system.  
Day30 was the time point when some small granules became visually apparent in 
ARC_TUM for the first time. DGGE data revealed that the microbial community 
composition on Day30 was significantly different than that determined during the 
start-up period. As can be seen from the DGGE profiles and from the phylogenetic-
tree, community compositions on Days30, 38, 45, and 64 were quite similar to each 
other. Several bands were common to all four samples (Figure 5.46) and these samples 
clustered into a group (Figure 5.47) separate than the one of the start-up period. 
Within the following 10 days, community composition changed dramatically (Day74). 
Most of the bands present in and common to the samples on Days30, 38, 45, and 
GAS Cluster 
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64 disappeared. Moreover, bacterial diversity in the system decreased immensely 
and the community was dominated by a couple of microorganisms (or clusters at a 
narrow phylogenetic-range) as evident from the profile for Day74 seen in Figure 
5.46. The profile on Day80 was almost the same as that on Day74. These 
observations pointed to systematic elimination of certain microbial groups and 
selection of a few clusters. Taking into account that this time span (Day74-80) was 
the “extreme biomass washout period”, the molecular data was considered to be in 
well agreement with the results regarding the macro-scale biomass properties.  
Day86 was one day before the EBPR biomass was added to the system and the last 
day of Stage-I (operation under extreme shearing conditions). As stated in Section 
5.1, the system was already at the “minimal-biomass-episode” on Day86 and the 
biomass concentration in ARC_TUM was around only 80 mg MLSS/L. Community 
composition of this slimy-soupy and foaming biomass was almost totally different 
than those of the previous days covering the start-up period (Days15 and 21), 
Stages I-II, I-III, I-IV of operation under extreme shearing conditions (Days30, 38, 
45, and 64), and Stage I-VI of operation with the most severe shearing conditions 
(Days74 and 80). One of the most predominant groups observed in the samples 
from Day74 and Day80 was also present in the community profile of the biomass 
sample from Day86, yet its presumptive abundancy was much lower than before, 
and the prevailing group/cluster was a different one on Day86. 
As apparent from Figure 5.46, community composition of the biomass samples 
collected on Days86, 92, 99, 108, and 114 were very similar to each other, and the 
one on Day121 was just slightly different than the former ones. Most of the bands 
present in the profiles of these samples were also detected on Day127, yet 
intensities of these common bands were different at the latter profile (Figure 5.46). 
Phylogenetic-relatedness analyses revealed that community profiles of the samples 
collected between Days86-127 were similar enough to be grouped together in a 
single group of closely related microorganisms (Figure 5.47). As discussed 
previously in Section 5.1, Days85-95 was described as the “minimal-biomass-
episode” for ARC_TUM, and the period between Days95-126 was considered as the 
time of “rapid progress of aerobic granulation”. Combining the results revealed by 
the DGGE profiles and phylogenetic-relatedness analyses with the ones obtained 
from monitoring the macro-scale biomass characteristics, it was possible to 
speculate that some of the microbial groups, comprising the communities of the 
biomass samples collected at the abovementioned days, were very likely to have a 
significant role in initiation, formation, and progress of aerobic granulation observed 
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in ARC_TUM, thus the cluster including the profiles of these days was named as 
“GAS (Granular Activated Sludge) Cluster-I” (Figure 5.47; shaded area at the 
bottom). Several bands being common to all of the abovementioned samples was 
considered as an indication of selection of certain microorganisms with a 
presumptive adhesive/aggregative physiology upon initiation of granulation, and 
maintenance of them in the system during progress of granulation. 
The DGGE data unveiled a slightly altered microbial community profile for Day136, 
with some new bands. Moreover, disappearance of some bands and appearance of 
some new ones on Day147 indicated that the community profile altered significantly 
after Day136 (Figure 5.47). As stated in Section 5.1, the period covering the 
abovementioned days was the final stage of reactor operation (Stage II-III) with the 
lowest hydrodynamic shearing conditions, and there was a disturbance in the 
process of granulation after Day136, which resulted in some fluctuations in terms of 
size of granules and state of granulation, and eventually resulted in a biomass 
mixture of granular- and floccular-parts towards the end of this final episode. Thus 
the community shift detected via application of the culture-independent advanced 
molecular community profiling technique of DGGE was considered to be in well 
agreement with the observations regarding the macro-scale properties of the aerobic 
granular biomass cultivated in ARC_TUM. 
5.4.2.2 Microbial community composition-dynamics in the propionate-fed reactor 
Digital image of the DGGE gel including the bacterial community profiles of the 
biomass samples collected from PRC_TUM at different time points, representing 
different stages of reactor operation, is presented in Figure 5.48. The phylogenetic-
tree constructed from the raw data is given in Figure 5.49. Results derived from 
evaluation these data to describe the phylogenetic relatedness among the microbial 
communities cultivated in PRC_TUM under altered hydraulic- and metabolic/kinetic 
pressures and exhibited different C- and P-removal, during the progress of 
granulation in the system, can be summarized as follows: 
The lanes marked as “D1” and “EBPR” represented the community profiles of the 
biomass samples used to inoculate PRC_TUM on Day1 and added to the system on 
Day47. As stated in the previous subsection these samples, collected from different 
full-scale WWTPs treating real wastewaters, not only had phylogenetically diverse 
microbial compositions, as evident from presence of numerous DGGE bands 
(Figure 5.48), but also their community compositions were quite different, as evident 
from the significant distance between them (Figure 5.49). 
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GAS Cluster 
Similar to the inoculum, the sample on Day11 also had a phylogenetically diverse 
structure with numerous DGGE bands (Figure 5.48). This was considered partly due 
to the fact that no extensive biomass washout was observed during this period 
(Subsection 5.2.3.1). Despite of similar richness in both samples (Day1 and 11), the 
DGGE profiles seen in Figure 5.48 revealed that some organisms/clusters had 
already started to increase in number within 11 days of operation (increased band 
intensities for certain groups), which was considered as pointing to a kind of 
selection process in the system.  
Community structure of the biomass samples collected on Days25, 35, 41, and 47, 
were very similar to each other, with the same presumably predominant microbial 
groups (with highest band intensities, Figure 5.48), thus clustered into a single group 
of phylogenetically related organisms (Figure 5.49). Several bands present in the 
inoculum, as well as in the sample on Day11, were absent in the profiles of the 
samples forming this small phylogenetic cluster, and some new bands were 
detected with increasing intensities in the latter. These differences in the community 
profiles between the former and the latter groups translated into the considerable 
distance seen in Figure 5.49. 
Community composition of the samples collected on Days53, 55, and 67 were also 
similar to each other, and shared several of the high-intensity bands with the former 
group, but some of the predominant organisms were determined to decrease in 
number or even washed out, whereas some others increased in number and added 
to the predominating clusters.  
 
 
 
 
 
 
 
 
 
Figure 5.49: PRC_TUM / Phylogenetic relatedness of the microbial communities of 
PRC_TUM and clustering of aerobic granular biomass. *Day1: Inoculum for PRC 
(and for ColPRC). Scale at the top showing 5% distance.  
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Out of a total of 27 bands detected on the DGGE profile of Day53, only four of them 
were determined to be inherited directly and only from the EBPR biomass which had 
been added to PRC_TUM on Day47. This observation was considered as 
justification of the former conclusion that the added floccular EBPR biomass did not 
remain in the reactor and rapidly washed out of the system under applied 
operational conditions of “decreased -yet still significant- shearing conditions and 
moderate vmin value” (Subsection 5.2.3.2). 
Parallel to the pronounced change in the macro-properties of the biomass after 
Day70, microbial community composition also diverged dramatically. As apparent 
from the profiles seen in Figure 5.48 and from the phylogenetic tree given in Figure 
5.49, community composition of the biomass present in PRC_TUM after Day75 was 
totally different than that determined before that time point. Compared to the profile 
on Day67, there was an apparent decrease in the number of bands obtained for the 
biomass samples collected on Days75, 82, 88, 97, and 108 (26 bands/lane in the 
former, and 18-19 bands/lane in the latter group). More significantly, number of 
predominant groups (with significant band intensities) decreased and two very 
closely related organisms/groups (represented by the two most intensified adjacent 
bands) dominated the PRC-biomass after Day75. Albeit in much lower quantities, 
the organism/group with the highest band intensity was determined to be present in 
all samples including Day1, thus was speculated to be inherited from the floccular 
inoculum, and then strongly selected in the course of reactor operation after Day75 
(Figure 5.48). The DGGE profiles of the samples collected on Days97 and 108 were 
also very similar to the ones from Days75, 82, and 88, thus all together forming a 
separate cluster very distant from the previous samples (Figure 5.49). The two 
dominant organisms/groups with the highest band intensities were also the 
dominant ones on Days97 and 108, yet at least one other organism/group, which 
was detected in all of the samples starting from Day25 in low quantities, became the 
other predominant one in the biomass on Days97 and 108. This latter observation 
was considered as pointing to selection of this particular group upon rapid progress 
of aerobic granulation. 
As stated previously in Subsection 5.2.3.2, the period between Days75-97 was 
addressed as the “minimal-biomass-episode”, during which the average biomass 
concentration in the reactor was around 50 mg MLSS/L, and the few granules 
present in the system were all covered with filamentous-outgrowths on their surface. 
Number of filamented-granules was reported to increase rapidly during this period 
and aerobic granulation process proceeded in the system, resulting in a dramatic 
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increase in the amount of granular biomass retained in the reactor after Day95, 
which continued till the end of reactor operation on Day124. Combining these 
previous observations (Subsection 5.2.3.2) with the molecular data on community 
composition, population shifts, and phylogenetic relatedness of resulting bacterial 
communities (Figures 5.48 and 5.49), it was possible to state that the extensive 
biomass washout observed in the system was not only in terms of amount, but also 
in terms of microbial diversity, that is several microbial populations were definitely 
washed out of the system approximately after Day70, resulting in a phylogenetically 
less diverse community. Moreover, rapid progress of aerobic granulation in the 
system also resulted in selection of certain (and fewer) organisms/groups. 
As a final note, the microbial community composition of the PRC-biomass being 
roughly grouped into two significantly distant clusters (the cluster including the 
profiles from Day11 to Day67, also corresponding to the floccular biomass period, 
and the one including the profiles from Day75 to Day108, and corresponding to 
initiation and progress of aerobic granulation period) as determined by application of 
the DGGE technique was partly in line with the results obtained from evaluation of 
the results from the FISH experiments (community profiles at the higher taxonomic 
level), which revealed a Proteobacterial distribution remaining constant for the first 
67 days of operation and then fluctuating upon initiation of aerobic granulation in the 
system (Subsection 5.4.1.2). 
5.4.2.3 Microbial community composition-dynamics in the bubble-column reactor 
Microbial community profiles and phylogenetic relatedness among the communities 
of the mostly granular biomass cultivated in the propionate-fed bubble-column 
reactor (ColPRC_TUM) operated under almost constant hydraulic-pressure and 
altered metabolic/kinetic pressures, and exhibited different C- and P-removal 
efficiencies while the biomass quickly evolved from a floccular form to a mostly 
granular state, are visually presented in Figures 5.50 and 5.51, respectively. Results 
extracted from these raw and processed data can be summarized as follows:  
The aerobic granular biomass cultivated in ColPRC_TUM had an extensively 
diverse phylogenetic structure in general, as revealed by numerous DGGE bands 
being present in the profiles. The community profile after one week of lab-scale 
operation (D6) was still similar to that of the inoculum D1), but some microorganisms 
already started to be increase in number within 6 days (Figure 5.50). By Day20, the 
community composition more or less stabilized and remained fairly constant for the 
rest of reactor operation until Day86.  
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GAS Cluster-II 
GAS Cluster-I 
Several microbial groups with significantly high band intensities were detected in the 
biomass samples collected during this period: (i) most of them were common to all 
samples, (ii) most significant ones were speculated to be closely related with each 
other since they ran adjacently on the DGGE gel (the high-intensity bands clustered 
at the lower section of the DGGE lanes), (iii) yet 3-4 phylogenetically distant 
microbial groups were also determined to be predominating during this period (the 
high-intensity distant bands at the upper section of the DGGE lanes; Figure 5.50). 
Phylogenetic relatedness analyses of these diverse microbial communities enabled 
assigning the samples (from Day25 to Day82) into a single cluster, named as “GAS 
Cluster-I” and was closely related to the sample on Day20 (Figure 5.51).  
As apparent from Figure 5.50, the community profile of the next sample (Day89) 
was immensely different than those of the previous ones. Several bands, previously 
detected either with high or low intensities, were absent on Day89, indicating that 
microbial groups represented by those bands were washed out of the system. In 
addition, two particular microbial groups, which were also present in the preceding 
samples but in considerably low quantities, became the dominant ones. Significantly 
low band intensities attained for the previously dominating and closely related 
organisms (6 bands at the lower section of the lanes) and for the previously 
predominating and distant organisms (4 bands at the upper section of the lanes) 
indicated that the corresponding microorganisms were diluted on Day89.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.51: ColPRC_TUM / Phylogenetic relatedness of the microbial communities 
of ColPRC_TUM and clustering of aerobic granular biomass. *Day1: Inoculum for 
ColPRC (and for PRC), I**: Inoculum for ARC. Scale at the top showing 5% distance.  
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The microbial group, which was represented by the band seen at the lowest section 
of the DGGE gel and enriched in the system from Day55 to Day82 (band intensity 
increasing in time), was absent in the system on Day86. Similarly, the one enriched 
in the system starting on Day67 and became the dominant population of the totally 
granular biomass of ColPRC_TUM on Day82 (the band with highest intensity) was 
also not detectable in the system on Day89 (Figure 5.50). Consequently, among all 
the investigated biomass samples, the one collected on Day89 was determined to 
have the most different microbial community profile with the highest phylogenetic 
distance from the rest of the samples (Figure 5.51). 
All of these unexpected and dramatic changes observed in the microbial community 
of the aerobic granular biomass of ColPRC_TUM were considered as a 
consequence of the “pH=12.8 incident” occurred between Day88 and Day89. As 
stated previously in Subsection 5.3.3.2, the extreme pH conditions realized in the 
system had a detrimental impact on the macro-structure of the granular biomass: 
the outermost layers of the granules were seriously damaged and mostly degraded, 
and the granules were slimy and very diluted at the outer layer when compared to 
their densely populated structure prior to the pH incident (see also the micrographs 
at the upper section of Figures 5.29 or 5.38). Yet, as stated earlier, this deterioration 
was not permanent, and the granular biomass recovered rapidly not only in terms of 
granulation-related features (granule structure, granule size, compactness and 
settling properties, etc.), but also in terms of metabolic activities (C- and P-removal 
efficiencies).  
Resilience of the aerobic granular biomass to detrimental environmental conditions 
and rapid recovery after the extreme pH incident also reflected into the microbial 
community profiles: the two particular dominant microbial groups of the sample on 
Day89 were also the dominant ones on Day97. On the other hand, the group which 
was the dominant one just before the “pH=12.8 incident” (band with the highest 
intensity on Day82) and was undetectable right after the incident (Day89), was 
determined to be enriched in the system within only 8 days (Day97). The biomass 
samples collected right after the extreme pH incident and during the rapid recovery 
period were phylogenetic clustered into a small group (GAS Cluster-II) apart from 
the one including the samples collected between Day25 and Day82 (Figure 5.51). 
The second interesting and significant result of community profiling and phylogenetic 
relatedness analyses conducted for ColPRC_TUM became apparent when the 
DGGE profile on Day108 was comparatively evaluated together with the rest of the 
samples. The microbial community profile approximately one month after the pH 
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incident (Day108) was more similar to the one before the incident than that after the 
incident (Figure 5.50): (i) the microbial groups represented by 4 bands seen at the 
upper section of the DGGE gel (detected in most the samples before Day89, and 
were absent on Days89 and 97) appeared in the system again, (ii) the microbial 
group represented by the bands seen at the lowest section of the DGGE gel, which 
was enriched between Days55-82 and disappeared on Days89 and 97, also 
appeared in the system, (iii) the dominant organism on Day82 (with highest band 
intensity), which disappeared right after the pH incident and re-appeared within only 
6 days, was the one out of two dominant microorganisms on Day108, (iv) one out of 
the two microbial groups dominating the biomass right after the ph incident and 
during the rapid recovery period totally washed out of the system and the other one 
diluted considerably, (v) the phylogenetically closely related organisms represented 
by the 6 adjacent bands with significant intensities, which were common to all 
investigated biomass samples and were the dominant ones in those collected before 
the pH incident but were significantly diluted on Days89 and 97, were also 
speculated to be enriched in the system within one month, as evident from the 
significant increase in the intensities of the corresponding DGGE bands. In 
summary, the microbial community composition on Day108 was determined to be 
very similar to those of the biomass samples forming the phylogenetic cluster 
named “GAS Cluster-I”, thus grouped together with these samples, rather than with 
the ones (Days89 and 97) forming “GAS Cluster-II” (Figure 5.51). 
All of the abovementioned evaluations were considered here as linking the 
phylogenetic stability to macro-structural and functional stability ensured by 
maintaining a healthy and a relatively stable aerobic granular biomass in the system, 
and also pointing to the high potential of such a system in full-scale applications, 
since floccular AS systems can be much more vulnerable under conditions of 
detrimental environmental impacts, like overloading incidents or toxic effects, etc.  
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6. RESULTS AND DISCUSSIONS-II 
6.1 EBPR with Aerobic Granular Biomass in the Acetate-Fed Reactor 
6.1.1 Hydrodynamic shear rate calculations 
Inoculation and start-up strategies for the second acetate-fed reactor (ARC_ITU) 
were provided in Chapter 4, Subsection 4.1.3. A photograph of ARC_ITU and the 
schematic presentation of reactor operation with sequential periods during one 
typical cycle (after Day146 and till the end of reactor operation) were given in 
Figures 4.3 and 4.4. As previously mentioned in Subsection 4.1.3, changes in 
several operational conditions were applied during the entire course of the study, in 
order to select for and sustain growth of anaerobically C-storing, aerobically slow-
growing and P-removing organisms –the PAOs- in the system, thus to obtain an 
EBPR performance and to initiate, maintain, and enhance aerobic granulation in the 
system. Details of all the changes in operational settings will be presented in the 
following subsection and results will be evaluated in conjunction with the influence of 
applied operational changes. Yet prior to proceeding with this assessment, it is 
required to identify the system in terms of hydraulic- and metabolic-selection pressure 
conditions. Subsections 6.1.1 and 6.1.2 are dedicated to describe these conditions 
applied to and occurred in the system during the entire course of reactor operation. 
The hydrodynamic shear rates applied to the biomass in ARC_ITU at different 
operational stages were calculated by following the same calculatory procedure given 
at the beginning of Chapter 5 for ARC_TUM. In addition to the shear rate originating 
from superficial upflow air velocity (vSair; cm/s) due to aeration during the aerobic 
phase (3-3.25 h), shearing conditions due to mechanical mixing (vSMix; cm/s) was 
also taken into account. The difference between ARC_TUM and ARC_ITU was that 
throughout the entire operational time of ARC_ITU, mechanical mixing was applied 
only during the anaerobic period (2 h). Thus, power dissipation, velocity gradient, 
and shear rate values due to mechanical mixing were valid only for the anaerobic 
period and the ones due to aeration were not influenced by the former, thus 
represented directly the values at the aerobic period.  
Reynold’s numbers NR (unitless) due to mechanical mixing were calculated by using 
the formula given in Eq. (5.1), to confirm that the flow regime in the reactor was a 
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turbulent one (NR> 10,000). The NR values were calculated as approx. 60,000, 
20,000, 40,000, and 36,500 for the operational periods at Weeks1-5, 6-12, 12-45, 
and 45-69, respectively, all being higher than 10,000 and showing that the flow 
regime, even only due to mechanical mixing, was turbulent, thus all shear-related 
parameters were calculated with the expressions valid for turbulent flow conditions.  
The h values (air pressure at the point of discharge expressed in meters of water 
(m); taken as equal to the height of water column between location of the diffusers -
reactor bottom- and bulk-liquid surface) used in calculating the power dissipation 
due to aeration varied between 0.23 to 0.47 m, based on the changes in V0, VF, and 
VW values. Similar to the case described in Chapter 5, Subsection 5.1.1, head-
losses between the outlet of the air-compressor and the discharge point, and those 
due to porous structure of the diffusers were neglected.  
Two different types of impellers were present on the shaft of the mechanical mixing 
device. One of them was a 2-blades, pitched (60o) impeller with and NP value of 1.2, 
an NQ value of 0.85, and a dP of 0.052m. The other type was a 4-blades, square 
pitched propeller with NP, NQ, and dP values of 0.4, 0.55, and 0.068 m, respectively. 
Two propellers were used together with the impeller for mechanical mixing between 
Weeks1-45, and then mechanical mixing was obtained only with one impeller and 
one propeller after Week45. The internal reactor diameter for ARC_ITU was 0.14 m. 
Different than the case described in Chapter 5, Subsection 5.1.1, air flow to 
ARC_ITU was not controlled by a mass-flowmeter. Thus, a theoretical efficiency 
loss of 20% was considered to occur while transferring the motor/compressor power 
to power in water. Aside from this theoretical efficiency loss, the air compressor was 
operated approximately at 80% capacity (Qair = 100 L/h) between Days1-66, and 
then at 100% capacity (Qair = 130 L/h) during the rest of reactor operation.  
Absolute values of power dissipations and velocity gradients due to mechanical 
mixing during the anaerobic phase and due to aeration during the aerobic phase, 
calculated via following the abovementioned calculatory procedure are given in 
Appendix B, Table B.7, together with the total levels over the total react time. 
Graphs showing the changes in absolute values of power dissipation and in 
%contribution to the roughly estimated overall values are presented in Appendix B, 
Figure B.5. Those for velocity gradients are given in Figure B.6. Values of 
mechanical mixing- and aeration-related shear rates (vSMix and vSAir, respectively), as 
well as the roughly estimated overall levels (vSTR) are given below in Table 6.1, 
together with the corresponding power dissipation and velocity gradient values.  
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As can be seen from Table 6.1, power dissipation due to mechanical mixing was 
less than that due to aeration during the majority of the operation time (between 
Days29-306). This was just the opposite of the cases described for the other wide-
type reactors (ARC_TUM and PRC_TUM), which were determined to be under the 
dominant influence of mechanical mixing (Chapter 5, Sections 5.1 and 5.2, 
respectively). On the other hand, velocity gradient values due to mechanical mixing 
were higher than those due to aeration throughout the entire course of reactor 
operation (Table 6.1), except during the period between Days29-83, when the 
mixing rate was only 100 rpm. Yet both the power dissipation values and velocity 
gradient levels calculated for the anaerobic- and especially for the aerobic-phases of 
ARC_ITU were significantly lower than those determined in the previous chapter for 
the other wide-type SBRs.  
Despite of the abovementioned points regarding the P and G values, hydrodynamic 
shearing rates due to aeration were considerably low at all times, and the shearing 
conditions in ARC_ITU throughout the entire course of the study were determined to 
be mostly due to mechanical mixing applied during the anaerobic period (Table 6.1 
and Figure 6.1). This was a consequence of reactor geometry (wide-type reactor 
with HW/D values in the range of 1.86-3.48) and applied air flow-rates (as low as 100 
L/h and 130 L/h for Days1-65 and Days66-473, respectively), both decreasing the 
effect of hydrodynamic shear rate due to aeration in comparison with the one due to 
mechanical mixing; the latter being a function of characteristics of the mechanical 
mixing device and applied mixing rates, rather than depending on reactor geometry. 
The roughly estimated overall hydrodynamic shear rate values (vSTR; cm/s) were 
slightly over 3 cm/s during the majority of operational time (between Days83-473), 
and were close to values of 2-2.5 cm/s, which were repeatedly reported in the 
literature as providing a sufficient level of hydraulic selection pressure to promote 
initiation and progress of aerobic granulation (see Chapter 2, Subsection 2.3.1). The 
vSTR value between Days29-83 was around 1.7 cm/s, and this was also higher than 
the minimum values of 0.87-1.2 cm/s (see Chapter 2, Subsection 2.3.1), reported in 
the literature to support initiation and progress of aerobic granulation. 
The shear rate values calculated for the anaerobic and aerobic periods (due to 
mechanical mixing (vSMix) and aeration (vSAir), respectively) for the entire course of 
reactor operation are visually presented in Figure 6.1, together with the roughly 
estimated overall levels (vSTR). Significance of mechanical mixing relative to that of 
aeration was also apparent from the graphs given in the figure. 
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6.1.2 Parameters related with metabolic selection pressure 
COD-, P-, and N-removal efficiencies were monitored throughout the entire course 
of the study to determine changes in the performance of the biomass cultivated in 
ARC_ITU and to investigate the relation with the observed state/progress of aerobic 
granulation. However, similar to the case stated in Chapter 5, Subsection 5.1.7, 
parameters related with metabolic-selection pressures and resulting levels of 
descriptors of the EBPR phenomena were required to be described and calculated 
before proceeding with assessment of the results to be able to accurately evaluate 
the C- and P-removal efficiencies of the biomass, and state/progress of granulation 
observed in ARC_ITU in accordance with the metabolic selection pressure theory. 
As previously described in Chapter 5, Subsection 5.1.7, the metabolic/kinetic-
selection pressure parameters used for the biomass cultivated in ARC_TUM were 
initial instantaneous volumetric biomass loading (Si*/Xi), total initial instantaneous 
volumetric biomass loading (ST/Xi), anaerobic biomass loading (AnaerLoad; the true 
measure of selection in favor of anaerobic C-storage mechanism; metabolic 
selection), aerobic volumetric biomass loading (AerLoad; for aerobic C-storage and 
fast growth upon introduction of the external terminal e-acceptor to the system, thus 
the true measure of balance between aerobic C-storage-, feast-, and famine 
mechanisms; kinetic selection), AnaerLoad/AerLoad (the parameter showing the 
relation between the amount of substrate refluxed only to anaerobic C-storage 
mechanism, and the amount being available for simultaneous aerobic C-storage and 
fast growth mechanisms), initial P:COD ratios originating only from the influent or 
also including the amounts recycled from the effluent to the head of the next cycle 
(Pi*/CODi* or PTi/CODTi, respectively). These parameters were selected as the 
descriptors of the metabolic-kinetic selection pressures exerted on the biomass in 
ARC_TUM, considering that the reactor was fed with a pulse-feeding manner, yet 
external C-source was determined to be almost always available at the aerobic 
period, thus in the presence of external terminal e-acceptor, resulting in the 
occurrence of an elongated feast period of fast growth. 
However, since ARC_ITU was operated for and performed EBPR, the selection 
theories related-parameters that were needed to be described for that system were 
different than the ones given below. As previously stated in Chapter 2, Subsection 
2.3.2, nutrient removal systems are the ones where metabolic selection prevails and 
the severe measures of hydraulic selection pressure, as well as the kinetic selection 
pressure which needs a delicate balance between the simultaneous aerobic “C-
storage+feast phases” and the following famine phase, become less important. 
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Moreover, as stated in Chapter 2, Section 2.7, the discontinuity required to slow 
down the system over the total react time through genuine separation of the time 
when the externally available C-source is present and the time when growth takes 
place, which translates into absolute elimination of the feast phase of fast growth, 
can be realized via feeding the biomass either intermittently (high initial substrate 
concentration) or continuously (low initial substrate concentration but elongated time 
of availability), but definitely under anaerobic conditions (zero oxygen 
concentration), which prevents growth to proceed and directs the entire flux of 
externally available substrate to anaerobic C-storage metabolism. An anaerobic 
feeding phase at the head of the cycle and supplying high ortho-P values to the 
system, together describe a system for EBPR, and are measures of the metabolic 
pressures to select for and sustain an anaerobically C-storing, aerobically slow 
growing and P-removing organisms – the PAOs-. 
Accordingly, the following parameters were selected as descriptors of the metabolic 
selection pressure and resulting indicative parameters of the EBPR phenomena. 
Similar to the case in Chapter 5, Subsection 5.1.7, values-ratios originating only 
from the contribution of the influent, as well as those that the biomass actually 
experienced were depicted. The descriptions are as follows: 
•  [Pi*:CODi*] (mg PO4-P/ mg COD): Ratio between influent ortho-P and influent 
COD values. Apparently, this ratio comprises from the values only from the 
influent supplied to the system under anaerobic conditions (TF: 1 h). This ratio is 
a measure of the metabolic selection pressure in favor of PAOs (Table 6.2b, 
Figure 6.2). 
• [PTi:CODTi] (mg PO4-P/ mg COD): Ratio between the ortho-P and COD values 
originating both from the influent (diluted with a factor of VF/VW), and the ones 
from the effluent of the previous cycle being present in V0, and recycled back to 
the head of the next cycle (diluted with a factor of V0/VW). This ratio is the true 
ratio that the biomass actually experience in the system (Figure 6.2).  
[ ] ( ) ( )( ) ( )



×+×
×+×
=
 0VEffl1COD FVInfCOD 
 0VEffl1P  FVInfP 
TiCOD:TiP               (6.1) 
• Anaerobic C-uptake (mg COD/L): Amount of externally available C-source 
(measured as COD) taken up by the biomass anaerobically and converted to 
intracellular C-storage products. The amount of externally available C-source 
refluxed totally to and used only in anaerobic C-storage metabolism (Figure 6.2). 
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( ) ( )
EndAnaerCOD
WV
0VEffl1CODFVInfCODuptakeAnaerC −×+×=−




            (6.2) 
• Anaerobic P-release (mg PO4-P/L): Amount of ortho-P excreted from cell interior 
to bulk liquid at the anaerobic phase and originating from cleavage of the PO4-P 
from intracellular poly-P pools of the PAOs in the process of generating the 
alternative energy required for uptake of extracellular C-source into cell interior 
and conversion of the latter to intracellular C-storage products. An indicative 
parameter of the EBPR phenomena (Figure 6.2). 
( ) ( )



 ×+×−=
WV
0VEffl1PFVInfP
EndAnaerPrelease-P Anaer              (6.3) 
• Aerobic P-uptake (mg PO4-P/L): Amount of ortho-P eliminated from bulk liquid. 
Amount of P taken up by the PAOs into cell interior and polymerized (by the 
energy gained from degradation of intracellular C-storage materials) to regenerate 
poly-P pools to be used as the alternative energy source at the subsequent 
anaerobic period. An indicative parameter of the EBPR phenomena (Figure 6.2). 
Effl2PEndAnaerPuptake-P Aer −=                 (6.4) 
• P-release / C-uptake (mg PO4-P/ mg COD): Ratio between the amount of ortho-
P excreted by the PAOs and the amount of externally available C-source 
consumed during the anaerobic period. The ratio calculated from the values 
measured at the end of the anaerobic phase is an indirect indicative parameter 
for EBPR (Figure 6.2), since it might include the amount of COD consumed not 
only by the PAOs, but also by others (i.e., ordinary denitrifiers if nitrification is not 
inhibited, thus nitrate is available as the terminal external e-acceptor together 
with the externally available C-source at the head of the anaerobic period).  
uptake-C Anaer
release-P Anaer upt-C / rel-P =                  (6.5) 
• Aerobic P-uptake / Anaerobic P-release (mg PO4-P/ mg PO4-P): Ratio between 
the amount of ortho-P removed aerobically from bulk liquid by the PAOs to be 
used to regenerate intracellular poly-P (-energy-) pools and the amount excreted 
by them at the anaerobic phase as a result of alternative energy generation 
process. This is a direct measure of the EBPR phenomena (Figure 6.2). 
? A value of 1 indicates that the amount of aerobic P-uptake is equal to the 
amount of anaerobic release, thus no net biological P-removal. 
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? A value < 1 might be considered as an indication of a transient state of 
disturbed EBPR performance or deteriorated biomass characteristics when 
anaerobic P-release is more than aerobic consumption. Such values were 
recorded at the transient state between Days55-135 with fluctuating EBPR 
performance, or occasionally when the biomass characteristics 
deteriorated either due to mechanical malfunctions at reactor operation or 
occurrence of extreme pH incidents resulting in extensive foaming/sludge 
bulking and partial loss of biomass viability (see Figure 6.2).  
? The higher this ratio, the better the EBPR performance. 
• [TAnaer/TAer] (h / h): Ratio between the times for anaerobiosis and aerobiosis. 
[TAnaer/TAer]Rc; ratio between the total extents of the anaerobic- and aerobic-
periods determined by operational configuration (Days1-145; 0.67 and Days146-
680; 0.615; Table 6.2b): An approximate measure of metabolic selection 
pressure described by operational configuration of the system.  
• [TAnaerC-upt/ TAerP-upt] (h / h): Ratio between the anaerobic time during which 
externally available C-source is exhausted and the aerobic time during which 
bulk liquid P-values were leveled or minimized. This is the actual ratio between 
the anaerobic C-storage/famine phases, thus is the true measure of the 
metabolic selection pressure described by the biomass itself. Such calculations 
were carried out for cyclic-evaluation experiments, and the [TAnaerC-upt/TAerP-upt] 
ratios were determined as 0.67, 0.80, 1.05, 1.26, and 0.95 (h/h) for Cycles-I, -II, -
III, IV, and V, respectively (TAnaerC-upt of 120, 100, 100, 120, 100 min and TAerP-upt 
of 180, 125, 95, 95, 105 min, respectively). These anaerobic and aerobic 
temporal extents were used in calculating the specific rates for anaerobic P-
release, anaerobic C-uptake, and aerobic P-uptake for the corresponding cyclic-
evaluation experiments, and the results are presented in Tables 6.8a and 6.8b. 
Values of the metabolic selection pressure parameters and descriptors of the EBPR 
phenomena which fluctuated or remained fairly constant at different stages of 
reactor operation for more than 450 days are visually presented in Figure 6.2.  
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Figure 6.2: ARC_ITU: Change in levels of parameters related with the metabolic 
selection pressure and EBPR phenomena. H. Stage and M. Stage: Operational 
phases categorized according to the levels of hydraulic- and metabolic-selection 
pressures, respectively. S: Reactor start-up; H: High. 
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6.1.3 Changes in operational parameters 
The indirect hydraulic selection pressure expressed in terms of settling time (TS, 
minimum of 15 min) and the resulting operationally set settling velocities (vmin, 
maximum of approx. 2 cm/min) applied to the biomass cultivated in ARC_ITU were 
considerably relaxed compared to the levels reported in the literature (see Chapter 
2, Sections 2.3 and 2.5) and the ones applied to SBRs evaluated at the previous 
chapter (Chapter 5). The hydraulic selection pressure expressed in terms of 
hydrodynamic shearing rates (vSTR, 3.3 cm/s during the most of the study) due to 
mechanical mixing during the anaerobic period and due to aeration during the 
aerobic-period were close to the range of 2-2.5 cm/s repeatedly reported in the 
literature as providing a sufficient level of shearing conditions to promote initiation 
and progress of aerobic granulation (see Chapter 2, Sections 2.3 and 2.5). Similar to 
the case reported in Chapter 5 of this current PhD dissertation, the level of 
contribution due to mechanical mixing applied during the anaerobic period to the 
roughly estimated overall hydrodynamic shearing effect over the total react time was 
major at all times. Based on the information presented in Table 6.1 and Figure 6.1, it 
was possible to describe three main stages of reactor operation in relation with the 
applied hydraulic selection pressures being “Lowest-stage” between Days28-83 with 
the minimum levels of hydraulic selection pressures, “High/Medium/High-stages” 
between Days83-96-146-168, and finally “Constant-stage” between Days169-474-
680, the latter covering the major portion of the entire operational time during which 
the hydraulic selection pressure related with the applied settling time was relaxed, 
but the hydrodynamic shear rate was approximately around the literature value. 
Moreover, based on the information visually presented in Figure 6.2, it was possible 
to categorize the entire course of the operational time into three main stages in 
relation with the levels of the metabolic selection pressure-related parameters and 
the resulting changes in the levels of the EBPR-descriptors. The first 25 days of 
reactor operation was addressed as the start-up period, during which the 
suspended/floccular biomass collected from a conventional C-removing full-scale 
WWTP was considered to be adapting to the lab-scale operation under subsequent 
anaerobic-aerobic conditions with a synthetic wastewater, including acetate as the 
sole C-source. After this start-up period and for the next 30 days, both the C- and P-
removal efficiencies were considerably high and the abovementioned parameters 
were at acceptable levels (Figure 6.2). As can be seen from Figure 6.2, the next 
main stage with respect to metabolic selection pressure and EBPR performance 
was the “Fluctuating-stage” between Days55-142, during which both the EBPR 
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performance of the biomass cultivated in ARC_ITU and the levels of the metabolic-
selection pressure- and EBPR phenomena-related parameters oscillated. As 
mentioned above, this was considered as a transient state during which the P-
upt./P-rel. ratios decreased to < 1 on some occasions, translating into P-leakage to 
the effluent and deterioration of EBPR. The second main stage was between 
Days142-380, during which the EBPR performance started to enhance right after 
changing the operational conditions of the reactor (decreasing the V0 to 1.8 L on 
Day135, decreasing the TS to 15 min on Day146, and increasing the influent COD 
concentration to 607 mg/L on Day169); the latter two to promote the already started 
(after Days85-105) aerobic granulation in the system. The EBPR performance and 
overall COD-removal efficiency of the biomass cultivated in ARC_ITU remained 
constantly high throughout this stage named “Stable-stage”, except for a few cases 
of extreme pH incidents, and the levels of both the metabolic selection-related 
parameters and the EBPR-descriptors were stabilized (Figure 6.2). The third main 
stage of reactor operation with respect to metabolic selection pressure and EBPR 
phenomena was addressed as the “Disturbed-stage" and started on Day381 right 
after a short period of change in influent composition (concentrations decreased to 
200 mg COD/L, 20 mg PO4-P/L, and 25 mg NH4-N/L) for 5 days, an elongated 
starvation period of 3 days between Days390-393 due to a mechanical problem at 
the feeding pump, followed by a severe bulking incident between Days399-402.  
6.1.4 Reactor start-up  
ARC_ITU was started up by suspended/floccular biomass, taken from the aeration 
tank of a conventional full-scale WWTP (Adela, Ayazaga, Istanbul). Operational 
conditions and influent composition are given Tables 6.2a and 6.2b. V0 was 2.9 L 
and VF was 4.3 L (V0/VF=0.67) during the start-up period. Since it was desired to 
select for anaerobically C-storing, aerobically slow-growing and P-removing PAOs 
and thus to attain a high EBPR performance, the system was fed during the 
anaerobic period at the head of each cycle, operated under subsequent anaerobic-
aerobic conditions, and supplemented with an influent ortho-P concentration of 20 
mg/L. Since the seed biomass was a mixed-community AS taken from a full-scale 
WWTP, thus acclimated to utilize various C-sources present in the influent of the 
treatment plant, COD concentration in the synthetic influent was initially kept low 
(100 mg/L), to let the biomass adapt to the new single C-source (acetate), thus to 
prevent further perturbation that the biomass had already experienced due to 
transfer from full-scale, continuous, fully aerobic conditions to lab-scale, sequencing 
batch, subsequent anaerobic/aerobic operation and to prevent overloading of the seed. 
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ARC_ITU: Biomass Parameters
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In addition, considering that during this start-up period the system was fed 
continuously during the entire extent of the anaerobic period (2 h), the influent COD 
was kept low to prevent any acetate-leakage to the subsequent aerobic period. NH4-
N was 40 mg/L. It was Day6 when it was started to waste 1 L of MLSS at the end of 
the aerobic period daily and manually. The SBR was monitored for settling 
characteristics (SVI) and for formation of adequate amount of biomass (MLSS, 
MLVSS) in the system during the start-up period (Figure 6.3). 
By the end of the first week of reactor operation, a severe bulking and foaming 
incident occurred. Consequently, the deteriorated/floating portion of the biomass 
was discarded. Microscopic analysis at the Week3 revealed the presence of 
Zooglea-like organisms in excessive amounts, surrounding the AS flocks. At Week4, 
influent COD concentration was increased to 300 mg COD/L, while keeping the 
influent P- and N-concentrations constant. Meanwhile, settling properties got better, 
resulting in reasonable SVI values (Figure 6.3). In addition to fine AS flocks, few but 
different types of protozoa (Lionotus, Paramesium, etc.) were detected at the end of 
the Week4, indicating a fairly healthy AS. The amount of Zooglea-like organisms 
was much less than that of the previous week after the bulking-foaming problem. 
At the middle of the 5th week, anaerobic feeding time was decreased from 2 to 1 h 
and the VF was increased from 4.3 to 4.6 L, while keeping the composition of the 
synthetic influent as 300 mg COD/L, 20 mg PO4-P/L, and 40 mg NH4-N/L, (Tables 
6.2a and 6.2b). 
 
 
 
 
 
 
 
 
 
Figure 6.3: ARC_ITU: Biomass parameters for the first month after inoculation 
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6.1.5 Acclimation periods and selection of the PAO-population 
6.1.5.1 Steady- and transient-state operations between Weeks6-13 
By Week6, the biomass originating from the floccular inoculum had already adapted 
to the operational conditions. SVI decreased below 100 mL/g, MLSS was around 
1500 mg/L, VSS/SS was 73% (Figure 6.4). Monitoring the performance of the SBR 
with daily COD, PO4-P, and Nox-N measurements (Figure 6.5) suggested that the 
floccular biomass started to work for EBPR, since the average values of ortho-P 
measured by the end of anaerobic filling, mixing, and aeration periods were 50, 64, 
and 3 mg PO4-P/L, respectively. The EBPR capacity continued to increase during 
the following two weeks, resulting in effluent ortho-P values lower than 0.5 mg/L. 
The average values for SVI and SS were 70 mL/g and 2100 mg/L, respectively. The 
average %P content of the sludge was 19.2%, leading to a VSS/SS ratio of around 
60%. Effluent Nox-N concentrations were around 10-16 mg/L. Nox-N produced during 
the aerobic phase through nitrification was consumed completely at the first 20-30 
min of the next cycle, suggesting a partial overall N-removal through pre-
denitrification (VO/VF= 0.63). For three weeks (Weeks6-8), overall COD-removal and 
EBPR performance fluctuated around 73-99% and 70-100%, respectively (Figure 6.5).  
Although none of the operational conditions were altered at the following week, a 
significant foaming was observed during aeration; settling properties deteriorated, 
and SVI increased to 125 mL/g. EBPR capacity of the sludge decreased (11 mg/L 
effluent PO4-P), despite of an apparent anaerobic P-release (73 mg PO4-P/L). 
During the following weeks, similar deteriorations were observed occasionally right 
after realization of a complete EBPR performance being stable for couple of weeks 
and after considerably high levels of biomass %P content was measured.  
 
 
 
 
 
 
 
 
Figure 6.4 ARC_ITU: Biomass parameters between Weeks5-10 
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Figure 6.5: ARC_ITU: COD, PO4-P, and Nox-N dynamics between Weeks 5-10 
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6.1.5.2 Cyclic evaluation-I at Week10 
During the first incident of biomass deterioration, a series of analyses were carried 
out at Week10, to characterize the cyclic behavior of the biomass. Operational 
configuration and conditions applied during this period can be found above in Tables 
6.2a and 6.2b. The biomass was a floccular one with deteriorated settling properties 
(Table 6.3). As can be seen from Figure 6.6, anaerobic P-release and subsequent 
aerobic P-uptake performances of the deteriorated biomass were at moderate 
levels, and the effluent ortho-P concentration was as high as 15 mg/L, despite the P-
content of the biomass was 137 mg PO4-P/g MLSS. Moreover, anaerobic C-uptake 
was also very low, and most of the influent COD was leaking to the aerobic phase, 
where it was almost totally removed from the bulk liquid (see Tables 6.8a and 6.8b). 
These results indicated that the biomass was at a transient state. Overall P-removal 
was only 6% (only 1 mg/L of overall P-removal), despite of 80% overall COD-removal, 
Table 6.3: Characteristics Determined for Cyclic Evaluation-I (Week10, Day65) 
Week10: Deteriorated EBPR, suspended/floccular biomass 
Influenta Hydraulics Biomass 
 T. M.
COD (mg/L) 300 244 V0 (L) 2.9 MLSS (mg/L) 1672 
Total P (mg/L) 20 20 VF (L) 4.6 MLVSS (mg/L) 1144 
NH4-N (mg/L) 40 34 V0/VF 0.63 MLVSS/MLSS 68% 
   SRT (days) 9.6 SVI (mL/g) 114 
   TS (min) 30 BPCb (mgPO4-P/gSS) 137 
a T: Theoretical values, M: Measured values. b BPC: Biomass P-content 
 
 
 
 
 
 
 
 
 
 
Figure 6.6: ARC_ITU: Profiles determined by Cyclic Evaluation-I at Week10 
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thus the system was not performing an EBPR. Nox-N produced by the nitrifiers at the 
previous aerobic phase and recycled to the beginning of the anaerobic period was 
consumed in less than 30 min (Figure 6.6), indicating that the conditions during this 
time-span was not anaerobic, but rather anoxic, and denitrification proceeded in the 
simultaneous presence of the externally available C-source (acetate) and microbially 
produced terminal e-acceptor (nitrate for denitrifiers), leaving less acetate for the 
PAOs to store anaerobically. 
Parallel to the experiments for Cyclic-Evaluation-I, a respirometric analysis was also 
carried out to determine the oxygen utilization rate profile during the aerobic phase. 
For that purpose, changes in DO concentration were monitored online by a 
Manotherm RA-1000 respirometer connected to the reactor and recycling 850 mL 
mixed liquor, continuously. Recycling flow rate of the respirometer was high enough 
(397 mL/min) to exert an extreme shearing effect on the recycled biomass. 
Eventually all the flocks were disintegrated by the end of the experiment. Further 
decrease in EBPR performance recorded during the following days enforced 
wasting two-thirds of the P-leaking biomass to stabilize the operation.  
It should be emphasized here that, this one-time extreme shearing conditions due to 
high recycling flow-rate of the respirometer, which initially caused the flocks to 
disintegration, was considered as the initial physical factor triggering the aerobic 
granular biomass formation in ARC_ITU, which proceeded at the following weeks.  
6.1.6 Formation and maintenance of aerobic granular biomass with an 
improving EBPR performance: Weeks11-28 
Changes in biomass concentrations and settling properties between Weeks11-28 
are given in Figure 6.7. Results obtained from monitoring the system via COD-, 
PO4-P, and Nox-N measurements during this period are visually presented in Figure 
6.8. Observations recorded during application of different operational conditions 
between Weeks11-28 are provided in the subsections below, together with the 
results of two sets of cyclic-evaluation experiments conducted during this period.  
6.1.6.1 Operation between Weeks11-20 
After the deterioration observed on Week10, the system entered to a transient state 
with a poor EBPR performance, which lasted for three weeks (Figure 6.8). During 
this transient state, aeration was increased (via increasing Qair from 100 to 130 L/h 
on Day66), speed of the mechanical mixer was raised (from 100 to 200 rpm on 
Day83), and effluent was discarded manually after a settling period of 15 min 
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(between Days83-95). It was after this period that SVI started to decrease, down to 
30 mL/g, and structural composition of the biomass started to change from fine 
particles to small granules. MLSS started to increase (~2000 mg/L), but biomass 
%P content did not exceed 10%. The granules grew in size to an average diameter 
of 2.5-3.0 mm and dominated the system. Settling characteristics of this mostly 
granular biomass was evaluated by a settling experiment. Results showed that a 
major portion of the biomass was settling only in 30 sec. Settling velocity of the 
biomass was calculated roughly as 1.2 cm/s (or 72 cm/min), which was two orders 
of magnitude smaller than the operationally determined minimum settling velocity 
(vmin) value of the system (0.93 cm/min; Table 6.2.a). Aside from granules, most of 
the flocks settled in 10 min, though some pin-point flocks were still present in the 
supernatant after 30 min. Granules were detected by bright-field microscopy as 
distinct, dark particles surrounded by few finger-type structures (resembling Zooglea 
spp.) and fixed protozoa. Different kinds of rotifers were recorded in high quantities. 
Presence of filamentous microorganisms was insignificant (see Subsection 6.3 for 
detailed microscopic evaluations). As can be seen from Figure 6.7, continuously 
increasing MLSS values after Day85, and concomitantly decreasing SVI values after 
Day91 also indicated that aerobic granulation started to proceed in the system. 
6.1.6.2 Operation between Weeks20-30 
Prior to the second phase of the study with operational configuration and conditions, 
as well as with different influent composition altered to further support the already 
started aerobic granulation and enhance EBPR performance, a set of experiments 
was carried out at Week20, Day133 (cyclic evaluation-II), to characterize the biomass 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.7: ARC_ITU: Biomass parameters between Weeks11-28 
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Figure 6.8: ARC_ITU: COD, PO4-P, and Nox-N dynamics between Weeks 11-28 
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in terms of EBPR-related biochemical conversion processes. Operational 
configuration and conditions valid for cyclic-evaluation-II are given above in Tables 
6.2a and 6.2b. Influent characteristics are summarized below in Table 6.4. 
The biomass was totally granular at the time of the experiments, and the SVI value 
was as low as 33 mL/g (Table 6.4), pointing to an extremely compact biomass with 
superior settling properties. As can be seen from Figure 6.9, the biomass exhibited 
anaerobic P-release and aerobic P-uptake profiles typical for the PAO-phenotype, 
however, the P-uptake/P-release ratio was lower than 1 (0.95 P-mol/P-mol), 
indicating that the biomass was still at a transient state in terms of EBPR 
performance and the amount of anaerobically released-P was higher than the 
amount consumed aerobically. Consequently, ortho-P was leaking to the effluent, 
resulting in an EBPR efficiency of 26%, despite of an 89% overall COD-removal. 
Table 6.4: Characteristics Determined for Cyclic Evaluation-II (Week20, Day133) 
Week20: Moderate-EBPR, totally-granular biomass 
Influenta Hydraulics Biomass 
 T. M.
COD (mg/L) 300 277 V0 (L) 2.9 MLSS (mg/L) 2022 
Total P (mg/L) 20 22 VF (L) 4.6 MLVSS (mg/L) 1483 
NH4-N (mg/L) 40 41 V0/VF 0.63 MLVSS/MLSS 73% 
   SRT (days) 9.6 SVI (mL/g) 33 
   TS (min) 30 BPCb (mgPO4-P/gSS) 73 
a T: Theoretical values, M: Measured values. b BPC: Biomass P-content 
 
 
 
 
 
 
 
 
 
 
Figure 6.9: ARC_ITU: Profiles determined by Cyclic Evaluation-II at Week20 
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ARC_ITU: Cyclic Evaluation-III at Week 21
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Complete consumption of the nitrification products during the first 20-30 min of the 
cycle (Figure 6.9) suggested that either the ordinary denitrifiers were competing with 
the PAOs for the externally available acetate during the first 30 min of the reactor 
operation, or a fraction of the PAOs were denitrifying in the concomitant presence of 
nitrate and acetate, instead of converting acetate to intracellular C-storage products. 
Since the biomass became totally-granular, extremely compact structure and 
excellent settling properties of the biomass enabled decreasing V0 to 1.8 L by the 
end of Week 20, right after cyclic evaluation-II. After operating the SBR with a V0 of 
1.8 L for one week, the third cyclic-evaluation was carried out (Week21, Day142). 
Operational configuration and conditions valid for Week21 can be found above in 
Tables 6.2a and 6.2b. Influent composition is summarized below in Table 6.5, and 
results of cyclic-evaluation experiments are visualized in Figure 6.10. Different than 
the previous week, the biomass was a mixture of some granules and mostly of flocks. 
Table 6.5: Characteristics Determined for Cyclic Evaluation-III (Week21, Day142) 
Week21: Good-EBPR, semi-granular biomass 
Influenta Hydraulics Biomass 
 T. M.
COD (mg/L) 300 243 V0 (L) 1.8 MLSS (mg/L) 2233 
Total P (mg/L) 20 23 VF (L) 4.6 MLVSS (mg/L) 1494 
NH4-N (mg/L) 40 45 V0/VF 0.39 MLVSS/MLSS 67% 
   SRT (days) 7.7 SVI (mL/g) 38 
   TS (min) 30 BPCb (mgPO4-P/gSS) 121 
a T: Theoretical values, M: Measured values. b BPC: Biomass P-content 
 
 
 
 
 
 
 
 
 
 
Figure 6.10: ARC_ITU: Profiles determined by Cyclic Evaluation-III at Week21 
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Yet, as apparent from Table 6.5, the SVI value was again as low as 38 mL/g, 
indicating that the settling properties and compactness of the biomass mixture was 
still superior. Similar to the case noted for cyclic evaluation-II, the biomass exhibited 
anaerobic P-release and aerobic P-uptake profiles (Figure 6.10) typical for the PAO-
phenotype. And, this time the P-uptake/P-release ratio was 1.16 P-mol/P-mol, and 
the EBPR efficiency was 78%, indicating that the EBPR performance of the biomass 
dramatically enhanced in one week parallel to the changes in operational 
configuration. Overall COD-removal efficiency was 93%, nitrification occurred to 
some extent and temporal extent of denitrification was again less than 30 min. 
During the following week, TS was decreased to 15 min (Week22, Day146), both to 
take advantage of working with rapidly-settling compact semi-granular EBPR 
biomass with low SVI, and for further enhance granulation to some extent. Due to 
the compact structure of the biomass, it became possible to work with higher MLSS 
values. To provide this increase, influent COD concentration was doubled by the 
end of Week25 (Day169). To use the same hydraulic capacity, the volumetric 
loading was kept constant via halving the feeding rate. Resulting HRT was 10.9 h 
(see also Tables 6.2a and 6.2b). Monitoring the performance of the SBR operated 
under these altered conditions demonstrated that the biomass concentration 
increased gradually up to 3100-3700 mg MLVSS/L, and also the effluent ortho-P 
values decreased down to <0.1 mg/L, pointing to a complete-EBPR performance 
(see Figures 6.7 and 6.8, respectively). Meanwhile the effluent Nox-N values started 
to decrease right after these operational changes and became undetectable after 
Day166 at Week 25 (Figure 6.8). This latter observation could have been attributed 
either to the loss of nitrification capacity in the system resulting in a discontinuity in 
production of Nox-N, or to the presence of huge granules (diameters between 5-8 
mm) in which a much bigger anoxic volume became available for the denitrifying 
PAOs to consume the nitrification products even at the aerobic phase. Yet, it was 
not possible to justify either of these speculations since effluent ammonia 
measurements were not available for this period. 
Throughout the period between Weeks20-28, aerobic granules were always present 
in the system and the SVI values remained under 40 mL/g. Periodical deteriorations 
in biomass characteristics were observed occasionally, though the response of the 
aerobic granular biomass to these deteriorations was much quicker than that of the 
suspended/floccular biomass present in the system before Week15 (Day91), and 
the recovery time of the semi-granular biomass in terms of EBPR performance was 
much shorter than that for the suspended/floccular biomass. These results 
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suggested that, the aerobic granular EBPR biomass was not only more resistant to 
operational upsets, or changing conditions, or any kind of deterioration in biomass 
characteristics, but also more stable in terms of EBPR-related biochemical 
conversion processes, when compared to the suspended/floccular biomass.  
6.1.7 Quick adaptation of aerobic granular EBPR biomass after adverse 
impacts and rapid system recovery 
6.1.7.1 System upsets and recovery periods between Weeks29-37 
At the middle of Week29, some extra acid was dosed to the system due to an 
electronic malfunction in the pH controller. This resulted in disintegration of the 
biomass and occurrence of an extensive foaming incident upon start of aeration. By 
the end of the cycle, it was not possible to get the disintegrated and foamed portion 
of the biomass to settle even after 45 min, and thus the SVI value was extreme. 
Majority of the deteriorated portion of the biomass was discarded and a total of 0.8 L 
of mixed liquor which had been wasted at the previous two days, was added to the 
remaining portion of the biomass. During the following 4 days, no biomass was 
extracted from the system. After 2 days, the ortho-P concentration in the effluent was 
still as high as 14 mg/L (compared to 20 mg/L of influent P). Yet, it took only two more 
days for the biomass mixture to start performing complete-EBPR (Figure 6.11).  
On the other hand, macro-structure of the biomass mixture was different than that 
recorded prior to the pH-incident. Only 5% of the biomass was granular, and 95% 
consisted of fine flocks in suspension (percents as the settled sludge bed volume). 
Amount of granules were considerably lower than that determined at the previous 
period, yet settling properties and compactness of the biomass recovered within one 
week, and SVI value dropped down to and leveled at < 50 mL/g after Day204 at 
Week30 (Figure 6.12).  
Monitoring the system operated under constant operational conditions and with the 
same influent composition (see Tables 6.2a and 6.2b) between Weeks29-37, 
revealed the following results: Constant and high biomass concentration together 
with constant and low SVI values recorded between Weeks31-37 indicated that 
granulation started to progress again in the system. EBPR performance of the 
biomass improved in 4-5 days after the pH-incident at Week29. Comparison of the 
COD and PO4-P dynamics seen in Figure 6.11 with the biomass parameters given 
in Figure 6.12, suggested that start of enhancement in removal efficiencies 
corresponded exactly to the start of enhancement in biomass compactness and 
settling properties, thus progress of aerobic granulation in the system. 
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Figure 6.11: ARC_ITU: COD, PO4-P, and Nox-N dynamics between Weeks29-37 
 346
ARC_ITU: Biomass Parameters
0
1000
2000
3000
4000
5000
6000
195 200 205 210 215 220 225 230 235 240 245 250 255 260
Operational Time (days)
M
LS
S
, V
SS
 (m
g/
L)
20
40
60
80
100
120
140
SV
I (
m
L/
g)
MLSS (mg/L) MLVSS (mg/L) SVI (mL/g)
 
 
 
 
 
 
 
 
 
Figure 6.12: ARC_ITU: Biomass parameters between Weeks29-37 
No Nox-N was detected in the effluent until Week31 (Day209), and after this time 
point it became possible to detect Nox-N in the effluent again (Figure 6.11). The latter 
also coincided with re-start of granulation after the pH incident (Figure 6.12). 
Ambient temperature was 16-18.5oC during the period of “zero Nox-N in the effluent”. 
Considering that the temperature in the reactor was lower than these values, it was 
suspected that the nitrifiers were inhibited to some extent. Another suggestion was 
that the naturally slow-growing nitrifiers, located at the outer layer of granules and 
thus more susceptible to be washed out of the system upon an incident causing 
disintegration of the granules, were eliminated from the system after the incidents of 
deterioration in biomass structure, and since they were slow-growers by nature, it 
took longer for them to proliferate again. This latter suggestion might be substantiated 
by comparative evaluation of the Nox-N dynamics given in Figure 6.11 and the 
biomass characteristics seen in Figure 6.12: parallel to progress of granulation, the 
newly forming aerobic granules might have provided a location for the naturally slow-
growing nitrifiers to be resided in and thus not to be washed out of the system at a 
frequency as high as the HRT of the system, if remained in suspension (see Chapter 
2, Section 2.7 for comparative literature review and discussions on this issue). 
6.1.7.2 Cyclic evaluation-IV at Week37 
EBPR-related biochemical conversion processes employed by the predominantly 
granular biomass present in the system at Week37 were experimentally evaluated 
on Day255 (cyclic-evaluation-IV). Operational configuration and conditions valid for 
Week37 and for are detailed above in Tables 6.2a and 6.2b. Influent composition 
and biomass characteristics determined for cyclic-evaluation-IV are summarized 
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below in Table 6.6. The biomass was a mixture of lots of granules and some flocks 
at the time of the experiments, and had excellent settling properties and 
compactness, as evident from the SVI value being as low as 45 mL/g (Table 6.6). 
COD- and P-profiles determined during the anaerobic- and subsequent aerobic-
periods were typical for the PAO-phenotype (Figure 6.13). PO4-P concentration by 
the end of the anaerobic period was as high as 136 mg/L and almost all of this was 
consumed during the first 90 min of the subsequent aerobic period. P-uptake/P-
release ratio was 1.08, and EBPR efficiency was as high as 99%. Overall COD-
removal efficiency was 92%. Nitrification occurred to a great extend and only 5 mg/L 
of NH4-N was measured in the effluent. All of the nitrate, produced by the nitrifiers 
during the previous aerobic phase and recycled to the beginning of the cycle, was 
removed by the denitrifiers during the first 10 min of operation. Apparently, some of 
the externally supplied acetate was used for denitrification.  
Table 6.6: Characteristics Determined for Cyclic Evaluation-IV (Week37, Day255) 
Week37: Complete-EBPR, semi-granular biomass 
Influenta Hydraulics Biomass 
 T. M.
COD (mg/L) 642 544 V0 (L) 1.8 MLSS (mg/L) 4410 
Total P (mg/L) 20 21 VF (L) 2.2 MLVSS (mg/L) 3132 
NH4-N (mg/L) 40 40 V0/VF 0.82 MLVSS/MLSS 71% 
   SRT (days) 11.4 SVI (mL/g) 45 
   TS (min) 15 BPCb (mgPO4-P/gSS) 113 
a T: Theoretical values, M: Measured values. b BPC: Biomass P-content 
 
 
 
 
 
 
 
 
 
Figure 6.13: ARC_ITU: Profiles determined by Cyclic Evaluation-IV at Week37. 
Acetate was measured by capillary GC, values were converted to COD equivalents. 
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All the results summarized up to this point suggested that the semi-granular 
biomass cultivated in ARC_ITU under the described operational conditions had a 
considerably high EBPR efficiency and was fairly stable both in terms EBPR-related 
biochemical conversion processes and in terms of macro-structure related biomass 
properties. Changes in some of the operational parameters applied between 
Weeks1-38 and the log-notes (including the biomass characteristics and state of 
granulation) recorded during this period are visually summarized in Appendix B, 
Figure B.7, together with the measured effluent ortho-P values, thus EBPR 
performance of the system.  
6.1.7.3 Operation at Weeks38-54 and cyclic evaluation-V at Week52 (Day359) 
Between Days169-279 (Weeks25-41), the COD:P ratios applied to the system were 
over 30 (mg COD/mg PO4-P) (Table 6.2b). To decrease the influent COD:P ratio 
down to approx. 20 (mg COD/mg PO4-P), a value close to the ones reported in the 
EBPR literature to be approximately the upper limit for attaining a biomass enriched 
with PAOs, influent ortho-P concentration was increased first to 25 mg/L at Week42 
(Day280), and then to 30 mg/L at Week44 (Day295), the first resulting in a ratio of 
25.7 and the latter of 21.4 mg COD/mg PO4-P. 
Monitoring the biomass characteristics in terms of size and structural stability of the 
granules revealed that the granules had a structural life cycle, in other words after 
formation of small granules, these young granules were continuously growing in 
size, developing into mature granules (a few of them as big as 8 mm in diameter), 
and dominating the biomass. Subsequently, the big mature granules were breaking 
down into smaller ones, and then starting to the next cycle of growing in size. 
Despite of these periodical changes in granule sizes, settling properties and 
compactness of the biomass remained superior during the entire period between 
Weeks40-54. Biomass concentration was around 4000 mg MLSS/L and SVI 
remained under 40 mL/g. Data between Weeks40-47 are presented in Figure 6.15.  
Results obtained from monitoring the system performance via frequent COD, PO4-P, 
and Nox-N measurements are graphed in Figure 6.14 for the operational period 
between Weeks40-47. As can be seen from the figure, the semi-granular stable 
biomass had a stable high overall COD-removal and a high EBPR performance 
despite of abovementioned changes in the influent composition. The Nox-N profiles 
suggested that the amount of Nox-N produced through the nitrification process was 
considerably high, especially after Day295, even when possibility of SND during the 
aerobic period was not taken into account.  
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Figure 6.14: ARC_ITU: COD, PO4-P, and Nox-N dynamics between Weeks40-47 
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Figure 6.15: ARC_ITU: Biomass parameters between Weeks40-47 
The fifth cyclic-evaluation was carried out by the end of Week52 (D359) to 
characterize the stable semi-granular biomass operated with a COD:P ratio of 21.4 
(mg COD/mg P) with respect to the EBPR-related biochemical conversion 
processes. Operational conditions valid for Week52 and for cyclic-evaluation-V can 
be found above in Tables 6.2a and 6.2b, and influent composition is summarized 
below in Table 6.7.  
The biomass had a semi-granular structure at the time of the experiment and 
acquired excellent settling properties and compactness, as evident from the SVI 
value of 47 mL/g (Table 6.7). The COD- and P-profiles determined during the 
anaerobic- and subsequent aerobic-periods were typical for the PAO-phenotype 
(Figure 6.16). PO4-P concentration measured at the end of the anaerobic period 
was as high as 155 mg/L and the bulk liquid ortho-P values were leveled down at 
zero within the first two hours of the aerobic period. The P-uptake/P-release ratio 
was 1.17 (P-mol/P-mol), and the EBPR efficiency was as high as 99%. Overall 
COD-removal efficiency was also 91%.  
Nox-N profile maintained during the anaerobic phase indicated that nitrification 
proceeded rapidly also during the first two hours of aerobiosis, resulting in an Nox-N 
value around 12 mg/L. Nox-N concentrations remained constant at this level for the 
rest of the anaerobic period. Nox-N values measured at the beginning of the cycle 
indicated that denitrification proceeded also very rapidly, and the Nox-N produced by 
the nitrifiers was totally consumed by the denitrifiers within only the first 5 min at the 
beginning of the cycle. This suggested that almost the entire 2 hours at the 
beginning of the cycle was anaerobic, pointing to a high metabolic selection 
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pressure in favor of PAOs, when coupled with the high ortho-P value of the influent. 
Moreover, both the Nox-N values and the bulk liquid ortho-P values remaining 
constant after 2 hours of aerobiosis was considered as an indirect sign showing the 
end of the growth processes, thus pointing to the need to optimize reactor operation 
via shortening the aerobic period. 
Table 6.7: Characteristics Determined for Cyclic Evaluation-V (Week52, Day359) 
Week52: Complete-EBPR, semi-granular biomass 
Influenta Hydraulics Biomass 
 T. M.
COD (mg/L) 642 550 V0 (L) 1.8 MLSS (mg/L) 3750 
Total P (mg/L) 30 32 VF (L) 2.2 MLVSS (mg/L) 2800 
NH4-N (mg/L) 40 40 V0/VF 0.82 MLVSS/MLSS 75% 
   SRT (days) 11.4 SVI (mL/g) 47 
   TS (min) 15 BPCb (mgPO4-P/gSS) 65 
a T: Theoretical values, M: Measured values. b BPC: Biomass P-content 
 
 
 
 
 
 
 
 
 
Figure 6.16: ARC_ITU: Profiles determined by Cyclic Evaluation-V at Week52 
After cyclic evaluation-V, influent PO4-P value was increased to 40 mg/L on Week53 
(Day362), yielding an influent COD:P ratio of 16.1. Results of monitoring the reactor 
performance between Weeks49-54 are presented in Figure 6.17. The biomass 
exhibited characteristics again typical for the PAO-phenotype, confirming that it was 
high enriched with PAOs. Nitrification capacity was also considerably high. As 
apparent from the COD and PO4-P profiles, overall COD-removal and EBPR 
performances of the semi-granular biomass were not affected negatively from the 
increase in influent ortho-P concentration. 
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Figure 6.17: ARC_ITU: COD, PO4-P, and Nox-N dynamics between Weeks49-54 
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6.2 Overall Evaluation of the Aerobic Granular EBPR Biomass Maintained 
in the Acetate-Fed Reactor 
Levels of hydraulic-selection pressures versus those of metabolic-selection 
pressures, the latter being the dominant group, calculated for the entire operational 
time of ARC_ITU are graphed in Figure 6.18, together with the descriptors of the 
EBPR phenomena. Values of the MLSS, MLVSS, and SVI parameters that can be 
used as indirect/direct parameters of aerobic granulation in ARC_ITU and monitored 
during the entire operational time are presented Figure 6.19. Progress of aerobic is 
also presented qualitatively on the same graph, based on the log-notes generated 
via recording the biomass characteristics while following up the reactor 
performance. Stages addressed in relation with the levels of applied and occurred 
hydraulic- and metabolic-selection pressures were also marked on the graph to 
provide ease in comparative evaluation. Performance of the system in terms of 
anaerobic C-uptake and P-release, aerobic C-removal and EBPR, as well as in 
terms of nitrogen conversions, during the entire operational period are visually 
presented in Figure 6.20 in terms of COD, PO4-P and Nox-N dynamics. Overall 
%COD-removal efficiency and EBPR performance of the system monitored during 
the entire operational time and in relation with applied metabolic pressures and 
resulting levels of EBPR descriptors are summarized in Figure 6.21. 
Results obtained for ARC_ITU and combined in the abovementioned figures can be 
summarized as follows: 
(i) Operational and configurational changes were executed to alter the hydraulic 
selection pressure exerted on the biomass in ARC_ITU, resulting in three main 
stages titled “Lowest” (Days28-83), “High/Medium/High” (Days83-96-146-168), 
and “Constant” (Days169-474); the latter covering the major portion of the entire 
operational time (vmin= 0.95 cm/min, vSMix=8.1-7.6 cm/s, vSAir=0.19 cm/s, 
vSTR=3.2-3.0 cm/s). Yet for the entire extent of the operational period, the levels 
were significantly relaxed (Figure 6.18) when compared to those applied in the 
other SBRs operated within the framework of this PhD study, and compared to 
those reported in the aerobic granulation literature in general (except for shear 
rate due to mechanical mixing –vSMix- at the 2-h anaerobic period). 
(ii) As a consequence of the relaxed hydraulic pressures, especially the significantly 
low operationally set vmin values, no biomass washout was experienced in 
ARC_ITU, except on Day83, when the TS was decreased from 30 to 15 min for 
the first time, which lasted only for 5 days (Figure 6.19). 
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(iii) The entire course of reactor operation was categorized into three main stages 
with regard to metabolic selection pressures and resulting changes in the levels 
of EBPR-descriptors (Figure 6.18): After the start-up period (first month), influent 
C:P ratio was constant at 15 mg COD/mg PO4-P (or constant Pi*/CODi* in 
Figure 6.18), but the PTi/CODTi ratio, which not only include the values 
originating from the influent, but also those from the effluent, thus was an 
indirect indicator of the C- and P-removal performances of the biomass, 
“Fluctuated” significantly and was almost always higher than the operationally 
set value (Pi*/CODi*) between Days55-142. Moreover, the EBPR descriptors, 
anaerobic P-rel/C-upt and P-upt/P-rel, also “Fluctuated” significantly during this 
period (Figure 6.18), especially the latter decreasing to <1 on some occasions, 
translating into P-leakage to the effluent and deterioration in EBPR. Both the 
metabolic selection pressure-related parameters and the EBPR descriptors 
were “Stabilized” and remained constant, except for a few cases of extreme pH 
incidents, between Days135-380 during which some operational conditions 
were altered (Day135: V0 down from 2.9 to 1.8 L; Day146: TS down from 30 to 
15 min; Days169, 178, 192, 280, 295, 363: influent C: P ratio up from 15 to 30.4, 
31.7, 32.1, then down to 25.7, 21.4, and 16.1 mg COD/mg PO4-P, respectively). 
A temporary change in influent composition (200 mg COD/L, 20 mg PO4-P/L) 
between Days381-385, an elongated starvation period between Days390-393, a 
severe bulking incident between Days399-402 resulted in PTi/CODTi ratios much 
higher than the operationally set value (Pi*/CODi*), and “Disturbance” in levels 
of the EBPR descriptors after Day381 (Figure 6.18).  
(iv) The system was started-up with a floccular biomass taken from aeration basin 
of a conventional full-scale WWTP, and remained floccular until Week10, when 
a respirometer was connected to the system for OUR analyses (Day65). The 
initial result of passing the biomass through the recycling pump of the 
respirometer with a flow-rate of 397 mL/min was disintegration of the flocks due 
to the extreme shear exerted on the biomass. Yet, this one-time extreme 
shearing effect was considered as the initial physical factor triggering the 
aerobic granular biomass formation in ARC_ITU, which proceeded gradually at 
the following 20 days (Day85), and granules became visually detectable by 
naked-eye after Day105 (Figure 6.19). Starting to apply a higher aeration rate 
(130 L/h) after Day66 and wasting the biomass manually after 15 min of settling 
between Days83-95, both resulting in a slightly higher hydraulic selection 
pressure, helped transformation of the floccular biomass into a granular one.  
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(v) Granulation continued to proceed and percent of aerobic granular EBPR 
biomass continuously increased till Day168 (Figure 6.19). The only disturbance 
in the granulation process was recorded between Days135-146, during which 
the only operational change was decreasing V0 from 2.9 to 1.8 L, which resulted 
in a decrease in SRT from 9.6 to 7.7 days, translating into a relatively rapid 
system. Upon starting to operate the system with a TS value of 15 min (rather 
than 30 min) on Day146, percent of granular EBPR biomass increased again. 
Initiation of aerobic granule formation and progress of granulation was also 
apparent from continuously increasing MLSS versus concomitantly decreasing 
SVI values recorded during this period (Figure 6.19). 
(vi) The decrease in vmin value from 1.99 to 0.95 cm/min after Day169, not because 
of a change in TS but because of decreasing VF from 4.6 to 2.2 L, thus Hmin from 
29.9 to 14.3 cm, coincided with the start of decrease in percent of granular to 
floccular portions of the EBPR biomass between Days169-195 (Figure 6.19). 
The proportion remained constant till Day229 (when C:P ratio was as high as 
32.1, and except the dramatic drop on Day196 after an extreme pH incident, 
which also resulted in biomass loss and deterioration in settling properties), 
increased till Day289, decreased between Days289-300, and increased again 
(after decreasing the vSMix from 8.1 to 7.6 cm/s on) till Day381 (Figure 6.19).  
(vii) Despite of fluctuations in percent of granular to floccular portions of the EBPR 
biomass between Days105-381, aerobic granules were present in the system at 
all times and settling properties of the biomass were superior during this entire 
period, as evident from the SVI values being less than 50 mL/g (together with 
high levels of biomass retained in the system).  
(viii) Aerobic granulation was promoted and ensured by applied metabolic selection 
pressures: 2 hours of anaerobiosis at the head of the cycle, feeding the system 
continuously at a low feeding rate at the first hour of anaerobiosis, applying 
acceptable influent COD:P ratios of 15-21.4 mg COD/mg PO4-P (and even as 
high as 32.1), which also ensured selection and proliferation of the anaerobically 
C-storing, aerobically slow-growing and P-removing PAOs.  
(ix) During the first 2 month of operation, overall COD-removal and EBPR 
performances were at acceptable levels (over 80 and 70%, respectively), then a 
transient state was realized during which the overall C-removal was high but the 
anaerobic COD-removal and EBPR efficiencies deteriorated until start and rapid 
progress of granulation (Days85-105) in the system (Figures 6.20 and 6.21). 
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Figure 6.20: ARC_ITU: Closure of the reactor performance: COD, PO4-P, and Nox-N 
dynamics between Weeks1-55 (total of 382 days) 
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Figure 6.21: ARC_ITU: Overall COD-removal and EBPR performance of the 
biomass in relation with applied metabolic pressures and resulting levels of 
indicative parameters of EBPR monitored during the entire course of the study 
 360
(x) EBPR performance of the aerobic granular biomass continued to fluctuate 
between 0-78%, with an average of 24% until Day142, then stabilized and 
remained constant for 240 days (until Day381) at an average over 90% and a 
mode of 99%, even when the metabolic selection pressure in favor of PAOs was 
weakened (C:P ratio increased from 15 to 30.4, 31.7, and 32.1 mg COD/mg 
PO4-P on Days169, 178, and 192, respectively; Figures 6.20, 6.21). 
(xi) Anaerobic C-uptake, anaerobic P-release, and aerobic P-uptake values also 
fluctuated between Days105-142 (between 146-214 mg COD/L, 32-97 mg PO4-
P/L, and 37-108 mg PO4-P/L, respectively), resulting in P-rel/C-upt values 
between 0.19-0.47 mg P/mg COD and P-upt/P-rel values between 0.9-1.22 mg 
P/mg P (Figure 6.21). Then between Days142-381, the EBPR descriptors had 
fairly stable trends, with average values of 325 mg COD/L (anaerobic C-uptake), 
113 mg PO4-P/L (P-release), and 126 mg PO4-P/L (P-uptake), 0.35 mg P/mg 
COD (P-rel/C-upt), and 1.12 mg P/mg P (P-upt/P-rel) (Figure 6.21). As stated 
below in item (iii), EBPR performance of the system was first disturbed after 
Day381, basically due to temporary operational problems, and then fluctuated 
(Figures 6.20 and 6.21). 
The abovementioned values for anaerobic C-upt, anaerobic P-rel, aerobic P-upt, P-
rel/C-upt, and P-upt/P-rel were calculated from the values measured by the end of 2 
hours of anaerobiosis. However, to calculate the anaerobic P-release and C-uptake 
rates accurately, values at the anaerobic time point when externally available acetate 
is exhausted, should be taken into account. Similarly, not the total extent of the 
aerobic period, but the part between the start of aerobiosis and the time point when 
the bulk liquid ortho-P value drops to a constant level, should be encountered when 
calculating the aerobic P-upt rate. Such calculations were carried out for the cyclic-
evaluation experiments and the results are presented in Tables 6.8a and 6.8b, where 
levels of EBPR-related parameters, EBPR descriptors, and rates of relevant 
biochemical conversion processes obtained in this study for the floccular and the 
granular states are tabulated together with the values reported in the literature, either 
for aerobic granular EBPR systems (Table 6.8a), or for floccular EBPR systems 
(Table 6.8b). The anaerobic temporal extents determined for the biomass in ARC_ITU 
were 120, 100, 100, 120, 100 min (TAnaerC-upt); and the aerobic ones were 180, 125, 
95, 95, 105 min (TAerP-upt), for Cyclic Evaluations-I, -II, -III, IV, V, respectively. 
The system operated in this study during Cycle-V (Tables 6.8a and 6.8b), the one 
operated by de Kreuk et al. (2005a) with 20% DO level (Table 6.8a), and that by Yagci 
et al. (2003) during Run-1 (Table 6.8b) are comparable in terms of influent C:P ratios. 
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P-rel/C-upt reported by de Kreuk et al. for the aerobic granular biomass is higher (0.5 
P-mol/C-mol) than that calculated in this study for the semi-granular biomass and that 
reported by Yagci et al. for the floccular biomass (0.42 and 0.41 P-mol/C-mol, 
respectively). On the contrary, P-upt/P-rel reported by de Kreuk et al. (2005a) is lower 
(1.06 P-mol/P-mol) than those calculated in this study and reported by Yagci et al. 
(2003) (1.17 and 1.21 P-mol/P-mol, respectively). The pronounced difference between 
those systems is about the EBPR-related conversion rates. The specific anaerobic P-
rel and C-upt rates, as well as the specific aerobic P-upt rate reported by de Kreuk et 
al. (2005a) for the granular biomass are much lower (6.4, 13.2, 4.2 mg/g VSS.h, 
respectively) than those calculated in this study for the semi-granular biomass (28.3, 
69.8, 31.7 mg/g VSS.h, respectively) which are more comparable to those reported by 
Yagci et al. (2003) for the floccular biomass (34.9, 84.3, 18.3 mg/g VSS.h, 
respectively). Apparently, these considerable differences in specific conversion rates 
are due to the pronounced difference between the former and the latter two in terms 
of amount of biomass attained in the SBRs (16.5, 2.8, 2.5 g VSS/L, respectively) 
controlled by significantly different SRTs (71, 11.4, 10 days, respectively). 
The system operated in this study during Cycle-III and that operated by Yagci et al. 
(2003) during Run-2 (Table 6.8b) are also comparable in terms of influent C:P ratios. 
P-rel/C-upt values are very similar (0.42 and 0.45 P-mol/C-mol, respectively), yet P-
upt/P-rel ratio of the semi-granular biomass was lower than that reported by Yagci et 
al for the floccular biomass (1.16 and 1.25 P-mol/P-mol, respectively). Moreover, 
despite of the lower biomass value, specific anaerobic P-rel and aerobic P-upt rates 
for the semi-granular biomass (Cycle-III) are higher than those reported by Yagci et 
al., whereas specific anaerobic C-upt rates are similar for both systems (Table 6.8b).  
Similar comparisons can be done from the data presented in Tables 6.8a and 6.8b for 
granular and floccular EBPR biomass. The general conclusion is that as long as the 
influent COD:P ratios -thus level of metabolic selection pressure- are similar, granular 
and floccular systems are similar to each other in terms of levels of the EBPR 
descriptors (P-rel/C-upt and P-upt/P-rel), yet the specific anaerobic and aerobic 
conversion rates are significantly lower in granular systems than in floccular ones, 
primarily due to the former group having the pronounced capacity of biomass 
retainment as a natural consequence of compact structure of the granular biomass 
and significantly high SRT values. Specific conversion rates calculated for the semi-
granular EBPR biomass of ARC_ITU are generally in between the values reported for 
the granular and floccular biomass systems, being closer to the latter, due to the fact 
that the biomass concentration in ARC_ITU was controlled by a low SRT. 
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6.3 Conventional Microbiological Analyses of the EBPR biomass: 
Morphological and Phenotypic Traits of the Populations 
As previously stated in Chapter 3, Section 3.3, dependency of both the PAO- and 
the GAO-metabolisms on anaerobic/aerobic recycling of the intracellular storage 
materials (volutin poly-P granules, lipophilic PHA inclusions, and glycogen pools) 
enable evaluation of the biochemical conversion processes executed by these 
populations through conventional microbiological analyses, since these intracellular 
storage materials are detectable via chemical staining and conventional light-
microcopy. Morphological and phenotypic characteristics of these microorganisms 
reviewed by Mino and his colleagues (1998) were summarized previously in Chapter 
3, Section 3.3 of this current PhD dissertation, together with the results of some 
more recent studies conducted by Crocetti et al. (2000), Tsai and Liu (2002), 
Crocetti et al. (2002), and Levantesi et al. (2002), who evaluated the microbiological 
traits observed in systems with good- and deteriorated-EBPR performance. 
Commonly accepted or recently proposed morphological and phenotypic 
characteristics of the PAOs, GAOs, and TFOs were given in Table 3.1.  
Despite of invaluable contributions obtained from application of advanced molecular 
techniques in the field of environmental science and engineering, especially in 
biological WWT, to understand the EBPR phenomena, lack of unambigously 
identified PAO isolates delimitates comprehension of phylogeny of this functional 
group, and understanding the biochemical features of these microorganisms, which 
will be of use to finalize biochemical models and to optimize design and retrofitting 
of EBPR systems. Moreover, classification of microorganisms as PAOs and GAOs 
is a functional categorization, rather than a phylogenetic one. Also knowing that both 
PAOs and GAOs are phylogenetically scattered groups of bacteria (Chapter 3, 
Section 3.4), phylogenetic evaluation of EBPR biomass to describe community 
structure and diversity, needs to be supported by biochemical performance analyses, 
as well as by morphological and phenotypic characterizations to accurately identify 
the populations of the microflora contributing to the observed EBPR phenomena, 
and to determine the extent of contribution from different populations. This can be 
realized via performing a combined set of experiments in parallel.  
This current section is dedicated to evaluation of the results obtained from such a 
combined assessment comprising of biochemical-, morphological-, and phenotypic-
characterization of the populations cultivated in ARC_ITU during the long-term 
EBPR study. Evaluation of the biomass with regard to biochemical conversion 
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efficiencies and progress of aerobic granulation was explored in details in the 
previous subsections of this current chapter. Operational configurations, conditions, 
and influent compositions valid during the periods when microscopic analyses were 
carried out were provided at the relevant parts of the previous subsections. Methods 
employed for characterization of the biomass with respect to its morphological and 
phenotypic traits were outlined in Chapter 4, Section 4.5. Results obtained via 
conventional microbiological analyses were cross-checked and supported by the 
results from cyclic evaluation analyses conducted to enlighten the biochemical 
conversion processes occurring in the systems.  
6.3.1 Preliminary evaluation at Week20, during Cyclic Evaluation-II 
At the end of Week20, when a series of experiments were carried out for Cyclic 
Evaluation-II, biomass samples were also collected for microscopic examinations. 
The biomass was a totally granular one with superior settling properties and highly 
compact structure as evident from the SVI value measured as low as 33 mL/g 
(Subsection 6.1.6.2). Pictures presented in Figure 6.22 show this granular macro-
structure. Results obtained from chemical staining and light-microscopy are visually 
presented in Figure 6.23. The overall conclusion was that the microbiological data 
were in line with the results obtained from the cyclic-evaluation analysis described in 
Subsection 6.1.6.2. As can be seen from Figure 6.23, panel A, both the sarcina-like 
tetrad-shaped bacteria and some rod-shaped bacteria had intracellular poly-P 
granules (dark blue-violet cells) by the end of the anaerobic period. The tetrad-
shaped bacteria were Neisser(+) only on their cell walls and resembled the 
commonly accepted GAO- or TFO-morphologies, thus considered to have no 
contribution to the observed P-removal. The rod-shaped bacteria resembled the 
commonly accepted PAO morphology (see Table 3.1), and presence of intracellular 
poly-P granules by the end of the anaerobic period suggested that the PAOs did not 
exhausted their entire poly-P pools during the anaerobic phase. The biomass 
exhibited anaerobic P-release and aerobic P-uptake profiles typical for the PAO-
phenotype (Subsection 6.1.6.2, Figure 6.9), but the P-uptake/P-release ratio was 
lower than 1 (0.95 P-mol/P-mol), despite of an influent C:P ratio in favor of selecting 
for PAOs (15 mg COD/mg PO4-P). Moreover, a considerable amount of the rod-
shaped bacteria resembling the PAO morphology, had intracellular PHB-inclusions 
by the end of the aerobic period (Figure 6.22, panel B,) which indicated that the 
PAOs did not exhausted their PHB pools during the aerobic period either. Combined 
assessment of the microbiological and biochemical data substantiated the 
suggestion that the biomass was at a transient state in terms of EBPR performance. 
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Figure 6.22: ARC_ITU: Macro-structure of the aerobic granular biomass with 
moderate-EBPR (Week20, Cyclic Evaluation-II). Panels [A and B]: mature granule 
appearing as dark, distinct particles, surrounded by AS flocks and some protozoa, 
as well as by some young aggregates. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.23: ARC_ITU: Morphological and phenotypic characterization of the 
aerobic granular biomass with moderate-EBPR performance (Week20; Cyclic 
Evaluation-II). Panels [A and B]: end of anaerobic period; panels [C and D]: end of 
aerobic period. Panels [A and C]: Neisser-staining; dark blue-violet cells with and 
brown cells without intracellular poly-P granules. Panels [B and D]: staining with 
Sudan Black B; dark violet cells with and pink cells without PHB inclusions. 
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6.3.2 General biomass at Week37, during cyclic evaluation-IV 
Biochemical performance of the biomass present in ARC_ITU at Week37 was 
described in details in Subsection 6.1.7.2. At the time of the study, the reactor was 
already at steady-state with a complete-EBPR performance and a stable semi-
granular structure (Figure 6.15 and Table 6.7, respectively). The biomass comprised 
of two distinct layers after 15 min of settling: (i) the bottom layer occupying more 
than half of the settled sludge bed volume and including compact biomass 
aggregates easily distinguished by naked-eye; (ii) the top layer with nicely settled 
floccular biomass portion. In literature, flocks bigger than 400-500 µm in diameter 
are classified as ‘large flocks’ (Jenkins et al., 1993; Liss et al., 2002). Moreover, 
biomass aggregates with a diameter in the range of 1-3.3 mm are named as 
‘granules’ (Beun et al., 1999). Some researchers reported observation of aerobic 
granules with a maximum diameter of 4.5 mm (Etterer and Wilderer, 2001) or 7 mm 
(Morgenroth et al., 1997). Consequently, compact biomass aggregates comprising 
the majority of the biomass cultivated in ARC_ITU were concluded to be granules.  
Granules appeared as distinct, dark, and dense particles with almost spherical and 
sometimes oval shapes (Figure 6.24). The average value of roundness determined 
via image analyses was 0.80. The aerobic granules had a smooth contour with 
almost no filamentous outgrowths, as also evident from the average shape factor 
value of 0.85. Smaller and less dense aggregates with more irregular shapes were 
also present and surrounded by flocks. Size of the granules ranged between 0.2 to 5 
mm at the time of sampling, and the average dgra value of the biomass determined 
by image analysis was 2.37 mm. Smaller aggregates were assumed to be young 
granules growing in diameter and becoming mature granules. This assumption was 
confirmed in the long run (data not shown here). Hence, granulation was concluded 
to be a dynamic process in terms of evolution in size: granules with different 
diameters were present at a given time and they were determined to have a 
periodical/cyclic growing pattern; starting with smaller diameters, growing in size in 
time, reaching to a maximum diameter (5 mm and even rarely 8 mm), and then 
fracturing into smaller granules to start growing in size again. 
Aside from flocks and granules, some eukaryotes typical for AS biomass were also 
detected. The granules were hosting fixed protozoa like Vorticella campanula and 
Carchesium spp. There was mostly one rotifer present at each observation area. 
Only a few filamentous microorganisms were observed, at an abundancy of 0-1 
determined according to the subjective scoring proposed by Jenkins et al. (1993). 
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6.3.3 Morphological and phenotypic characterization of the biomass at Week37 
Results of Neisser (for poly-P) and Sudan Black B (for PHB) staining procedures are 
presented in Figure 6.24. The PAO-enriched aerobic granular biomass with 
complete–EBPR performance was considerably diverse with various morphotypes 
being present. As reviewed in Chapter 3, Subsection 3.3, several researchers 
observed similar morphological diversity in EBPR systems even when working with 
enriched cultures and reported especially the presence of tetra-like bacteria together 
with the conventional rod- or cocci-shaped PAOs (Liu, 1995; Mino et al., 1998; Bond 
et al., 1999; Crocetti et al., 2000; Griffiths et al., 2002). In most of these studies, the 
tetra-shaped bacteria were addressed as the GAO-morphotype.  
In this current study, five different morphotypes were detected in the aerobic 
granular EBPR biomass (Figure 6.24). 1-2 µm rod-shaped cells were abundant and 
accompanied with few straight filaments 20-40 µm in length. Presence of 
tetra/sarcina-like cells was also noticeable (Figure 6.24, panels A, C, E, and F). 
Average diameter of these tetrads was 3.5-4 µm and fit to the size given in literature 
(Chapter 3, Table 3.1). Another interesting group was the huge coccoid-clusters 
(panels B, D, F, and H). They resembled the staphylococci morphology and seemed 
to be the gatherings of individual coccoids with diameters in the range of 1.3-1.8 µm. 
The coccoid clusters were too dense to decide whether they were groups of 
individual coccoids or aggregates of tetrads/sarcina-like organisms. Yet this did not 
bring any bias to their phenotypic evaluation since their responses to poly-P and 
PHB staining reactions were clear and similar to those from tetrad/sarcina like cells 
(with few exceptions). Some diplo-coccoid cells were also observed in rare occasions. 
The rod-shaped cells, seen in Figure 6.24, panels A and B, were all Neisser(-), 
implying that they had no intracellular poly-P granules by the end of the anaerobic 
period. In addition, cells with the same morphology (Figure 6.24, panels C and D) 
were strongly PHB(+) by the end of anaerobiosis. Hence these rod-shaped cells 
were concluded to exhaust their poly-P pools under anaerobic conditions, while 
storing PHB; a trait describing the anaerobic-metabolism of PAOs. In the samples 
collected by the end of the aerobic period, these rods were not totally, but partly 
Neisser(+), suggesting a poly-P storage under the maximum capacity (Figure 6.24, 
panel E). In fact, the total P-content of the biomass by the end of the aerobic period 
was 13.1% (% mg PO4-P/mg MLVSS) or 113 mg PO4-P/g MLSS (maximum value 
reported as 380 mg PO4-P/g MLVSS by Wentzel et al., 1989). These rod-shaped 
cells were also determined to exhaust not all but some of their PHB-pools by the 
end of the aerobic phase (Figure 6.24, panels G and H).  
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Both the morphology of these rod-shaped cells and their response to chemical 
staining reactions applied for visualization of intracellular poly-P granules and PHB 
inclusions fit to the commonly accepted morphological and phenotypic 
characteristics of the PAO-phenotype (Chapter 3, Table 3.1). Thus, they were 
concluded to be the PAOs enriched in ARC_ITU. The COD-removal efficiency was 
92% and the EBPR efficiency was as high as 99%. Yet, detection of not strongly but 
partly Neisser(+) rod-cells (who were also partly PHB(+)) by the end of the aerobic 
was considered as a natural consequence of the fact that the system was operated 
under P-limited conditions (C:P ratio= 32.1 mg COD/mg PO4-P). Results of the 
staining experiments are summarized in Table 6.9, by using a simple scaling 
approach ((+++) for strong, (++-) for moderate, (--+) for weak, (---) for no response) 
to address the relative quantities of the storage polymers observed in the cells.  
Shape of tetra/sarcina-like cells (Figure 6.24, panels A, B, C, E, and G) fit to the 
recently proposed morphology of GAOs (Chapter 3, Table 3.1). Most of these cells 
were Neisser(+) not only at the end of the aerobic period, but also at the end of the 
anaerobic period (Figure 6.24, panels A, B, and E). Yet, the tetra/sarcina-like cells 
were determined to be strongly Neisser(+) only on their cell walls, but not in their 
cytoplasm. Mino and his colleagues, who reviewed and summarized the literature on 
microbiological characteristics of the populations observed in EBPR systems (see 
Chapter 3, Table 3.1), also denoted that a Gram(-), ‘so called GAO’ isolate stained 
Neisser(+) only on its cell wall, whereas the PAOs contained strongly stain-positive 
intracellular granules (Mino et al., 1998; and references therein). 
Being one of the most intensely studied -yet also overrated- PAO candidates, 
members of the genus Acinetobacter were also evaluated for their poly-P storage 
capabilities. Within this context, some strains of the genus Acinetobacter were 
reported to contain various forms of intracellular poly-P inclusions and some strains 
were determined to demonstrate a bi-phasic poly-P distribution (Suresh et al., 1985). 
A major portion of the poly-P was reported to be present in the cytoplasm (in the 
form of poly-P granules), yet a noticeable portion was also determined to be 
associated with the outer membranes of these Gram(-) bacteria, or detected at the 
periplasm, resulting in an electron-dense envelop (Ohtake et al., 1985; Streichan et 
al., 1990). Florentz and his co-authors (1984), who employed 31P-NMR and TEM 
spectroscopy, determined that ortho-P sequestered from the cytoplasmic poly-P 
(stored in the form volutin granules) was released to the environment under 
anaerobic conditions, whereas the periplasmic poly-P (resulting in observation of an 
e-dense cell envelope) remained mainly intact. Based on these observations, it can 
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be concluded that the membrane- or periplasm-associated poly-P layers are less 
likely to participate in the anaerobic P-release and consequent aerobic P-uptake 
processes, describing the EBPR phenomena. 
In consent with the abovementioned observation reported in the literature, and also 
considering that the tetra/sarcina-like cells detected in this current study were 
strongly Neisser(+) only on their cell walls but not in their cytoplasm, these cells 
were not considered to be recycling poly-P between anaerobic- and aerobic-phases, 
thus were not accepted as contributing to the observed EBPR performance. The 
strongly Neisser(+) only on cell walls, speculated to be due involvement of 
periplasm-associated poly-P layers, required further investigation. For that purpose, 
a modified Gram-staining procedure, followed by Neisser-staining (Chapter 4, 
Section 4.5) was applied to the biomass samples collected later at week98. Results 
of these experiments will be discussed later in Subsection 6.3.5. 
As mentioned above, the tetra/sarcina-like cells looked like the GAO-morphotype. 
On the other hand, although the system was operated with a considerably high 
influent acetate concentration (642 mg COD/L), all the tetrads were determined to 
be definitely PHB(-) at all times; both by the end of the anaerobic- and aerobic-
periods (Figure 6.24, panels C, G, and H). Hence, it was deduced that the tetrads 
resembled the GAOs morphologically, but not phenotypically, especially with respect 
the eco-physiological characteristic of anaerobic PHB-storage. Considering the 
contradictory results reported in the literature, as well as the observations recorded 
in this current study, it was concluded that to decide whether the tetra/sarcina-like 
cells observed in EBPR systems are real GAOs, or other kinds of cells sharing the 
same morphological traits but not the eco-physiological properties of the GAOs; 
biomass samples should be collected both by the end of anaerobic- and aerobic-
periods (instead of sampling at a single time point) and be screened with chemical-
staining for visualization of intracellular storage polymers typical for the PAO- and 
GAO-phenotypes, to determine whether the intracellular storage polymers are 
cycled between the anaerobic- and aerobic-phases, and at the same time the 
systems should be evaluated with regard to biochemical conversion processes via 
cyclic-behavior experiments, while also taking into account the operational 
conditions (i.e., COD:P ratio). To conclude the nomenclature of the tetra/sarcina-like 
cells within the context of this study, it was decided to address them as Tetra 
Forming Organisms (TFOs; after Tsai and Liu, 2002), rather than GAOs. It should 
be noted that the term ‘TFO’ refers to morphological differentiation, whereas the 
term ‘GAO’ has been in use for functional categorization dictated by phenotypic traits. 
 373
In contrast to majority of the TFOs, a few tetra/sarcina-like cell were definitely 
Neisser(-) (Figure 6.24, panels A and E). To differentiate between these two groups 
of TFOs, the ones stained strongly on their cell walls were tentatively named as 
TFO1 and the stain-negative individual tetrads as TFO2 (Table 6.9). Results of the 
‘modified Gram and poly-P staining’ experiments, employed to enlighten whether 
these two groups of morphologically identical bacteria had different kinds of cell 
walls, will be discussed in Subsection 6.3.5. 
As stated earlier, response of the coccoid-clusters to the chemical-staining reactions 
was the same as that of majority of the TFOs. Although it was hard to differentiate 
due to their dense cellular organization, it was still possible to detect that they were 
strongly Neisser(+) only on their cell walls, both by the end of the anaerobic- and 
aerobic-periods (Figure 6.24, panels B and F, respectively). Also, they were definitely 
PHB(-) in all cases (Figure 6.24, panels D and H). Presence of these coccoid-clusters 
was not coincidential, and cells with same morphological and phenotypic 
characteristics were detected in the same system after one year (see Subsection 
6.3.5). As evident from their definite PHB(-) responses by the end of the anaerobic 
period, these cells were concluded to be not storing the externally available acetate 
during the anaerobic period in the form of intracellular lipophilic PHB inclusions, thus 
not showing the GAO-phenotype under the applied operational conditions. Rather, 
they were initially speculated to be either ordinary heterotrophs (OHO), or ordinary 
denitrifiers (but not denitrifying PAOs), or nitrifiers. The data on the biochemical 
conversion processes determined via cyclic evaluation-IV quickly ruled out the 
possibility of these organisms being OHOs. As previously described in details in 
Subsection 6.1.7.2, and presented Figure 6.15, as well as in Tables 6.2b, 6.8a, and 
6.8b, the theoretical COD concentration in the reactor was 353 mg/L, and the 
amount of COD removed from the bulk liquid during the anaerobic period was 344 
mg/L, indicating that almost all of the acetate supplied to the system was removed 
during the anaerobic period no acetate was left available to the aerobic phase. 
Under such circumstances, strictly aerobic OHOs who did not posses anaerobic C-
storage ability, were expected to be diluted from the system. Biochemical data also 
reveled a nitrification efficiency of 75%, a denitrification efficiency of 100%, and an 
overall N-removal efficiency of 78%, all together implying that both nitrifiers and 
denitrifiers were present at noticeable levels. Yet, these observations were not 
sufficient for assigning the coccoid-clusters as one of these functional groups, and 
this was left out of the scope of this study. One approach could be application of 
FISH probes specific for phylogenetically known members of nitrifiers or denitrifiers.  
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6.3.4 Biochemical performance and general biomass texture at Week98 
Some parameters measured at Week98 and the operational conditions applied 
during this period are given in Table 6.10. Hydraulic selection pressure-related 
parameters were slightly different than those reported for Week37, only due to the 
difference in VF values (2.2 L at Week37 and 2.0 L at Week98). Similar to the case 
at Week37, the biomass had a semi-granular structure with high compactness and 
good settling properties. SVI was measured as 50 mL/g, though the granules were 
smaller than those observed at Week37, as evident from the average dgra values of 
1.5-2 mm and 2.5-3 mm at Week98 and Week37, respectively. 
Biochemical performance of the biomass at Week98 can be summarized as follows: 
nitrification occurred to some extend (effluent Nox-N values of 5-6 mg/L), and the 
nitrate produced through nitrification was totally consumed by the denitrifiers within 
the first 20 min at the beginning of the cycle. Overall COD-removal efficiency was 
86%, however detection of 165 mg/L of COD by the end of the anaerobic period 
indicated that the anaerobic COD-removal efficiency was as low as 54%, 
corresponding to an anaerobic C-uptake value of 6.13 C-mmol/L, and a significant 
amount of acetate remained available to the aerobic phase. Amount of ortho-P 
measured at the bulk liquid by the end of the anaerobic phase was 58 mg PO4-P/L, 
and this was considerably low when compared to that recorded on Week37 (136 
mg/L). The anaerobic P-release value was calculated as 0.9 P-mmol/L, and the 
resulting anaerobic P-rel/C-upt ratio was as low as 0.15 P-mol/C-mol. Again, this 
value was less than half of the value recorded on Week37 (0.37 P-mol/C-mol), 
during which a complete-EBPR performance was observed in the same reactor. 
Table 6.10: Operational Parameters and Reactor Performance at Week98  
Week98: Moderate EBPR, semi-granular biomass 
Influent (mg/L) Hydraulics Biomass (mg/L) Effluent (mg/L) Sampling
 T.a M.a   PO4-P COD Nox-N Timeb 
COD 642 570 V0 (L) 1.8 SS 5402 24 55 6 E1 
TP 50 45 VF (L) 2.0 VSS 3270 58 200 0 F 
NH4-N 45 45 V0/VF 0.90 VSS/SS 61% 67 165 0 M 
   SRT (d) 10.9   30 43 5 E2 
   TS (min) 15       
a T: Theoretical values, M: Measured values. b Time of sampling: E1 and E2; effluent samples 
before and after the evaluated cycle, respectively; F and M; samples collected by the end of 1 
h-anaerobic feeding and 2-h anaerobic mixing phases, respectively. 
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Moreover, this P-rel/C-upt ratio was also lower than those reported in the literature 
both for floccular- and for aerobic granular biomass with good EBPR performance 
(Tables 6.8a and 6.8b). P-content of the biomass was also low (27 mg PO4-P/g MLSS).  
Influent ortho-P at Week98 was 50 mg/L (2.5 times that applied during Week37; 20 
mg/L), corresponding to a COD:P ratio of 12.8 (mg COD/mg PO4-P); a value within 
the range reported in the literature both for floccular- and aerobic granular EBPR 
biomass systems (Tables 6.8a and 6.8b), and suitable to exert a metabolic selection 
pressure for proliferation of PAOs. Yet, the overall P-removal efficiency was as low 
as 31%. Consequently, it was concluded that the biomass was at a transient state 
with respect to biochemical conversion processes associated with EBPR.  
6.3.5 Morphological and phenotypic characterization of the biomass at Week98 
Similar to the case determined at Week37, various morphotypes (i.e., rod-shaped 
cells, TFOs, coccoid-clusters, filamentous organisms) were recorded to be present 
in the biomass at Week98, but the difference was that more filaments were detected 
at the latter case. Responses of the morphotypes to poly-P and PHB-staining 
reactions were similar to those recorded more than a year ago, yet there were some 
important differences regarding the amount of poly-P and PHB inclusions stored by 
the rod-shaped PAOs: almost all rod-PAOs were definitely Neisser(-) and strongly 
PHB(+) by the end of the anaerobic period (Figure 6.25, panels A, B and C, D; 
respectively). On the other hand, as can be seen from Figure 6.25, panels E and F, 
there were some strongly Neisser(+) rods, lots of moderately Neisser(+) ones, and a 
few empty cells, pointing to a moderate level of aerobic poly-P storage. Presence of 
rod-PAOs with PHB inclusions by the end of the aerobic period was also significant 
(Figure 6.25, panels G and H). Combining the quantitative results from COD and P 
measurements and the qualitative observations from chemical-staining reactions, 
the following line of explanation was suggested to clarify the observed results: 
aerobically stored poly-P pools of the PAOs were almost completely exhausted 
(Neisser(-) response) under anaerobic conditions for generation of the energy 
required for uptake of acetate and conversion of it into PHB (strongly PHB(+) 
response). However since aerobic poly-P storage was at a limited level (Neisser(-) 
and moderately Neisser(+) rod-cells in addition to strongly Neisser(+) cells; biomass 
P-content being 27 mg PO4-P/g MLSS; EBPR efficiency being 31%), the amount of 
acetate removed from the bulk liquid under anaerobic conditions was also restricted, 
resulting in an anaerobic COD-removal efficiency of only 54%. Despite of application 
of a considerable amount of influent ortho-P (50 mg PO4-P/L), thus a C:P ratio (16.3 
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mg COD/ mg PO4-P) suggesting to a proper metabolic selection pressure in favor of 
selection of PAOs, observation of a reduced EBPR performance and a low 
anaerobic COD-removal efficiency was attributed to the fact that the system was at 
a transient state at Week98 (Table 6.11), recovering after a period of deteriorated 
EBPR performance (data not shown here). Finally, 86% of overall COD-removal, 
despite of an anaerobic COD-removal efficiency of 54%, was accepted as implying 
the presence of bacteria, other than PAOs, consuming acetate at the aerobic phase, 
hence contributing to the observed overall COD-removal efficiency.  
Similar to the case at Week37, majority of the TFOs detected in the biomass 
samples collected at Week98 were strongly Neisser(+) only on their cell walls both 
at the end of the anaerobic and aerobic phases (Figure 6.25, panels A, B, E, and F), 
yet a few of them were Neisser(-) (Table 6.11). To determine whether it was 
possible to differentiate between these two groups of morphologically identical 
bacteria based on their cell wall properties, a modified Gram- and Neisser staining 
procedure was applied. Results of this subsequent staining procedure are visually 
presented in Figure 6.25, panels I and J. Image of the biomass sample collected at 
the end of the anaerobic phase and subjected to Gram-staining reaction can be at 
panel I, and the image of the very same observation area captured after the sample 
was extensively de-stained with ethanol and then treated with Neisser-stain can be 
seen at panel J. As apparent from the images presented at panels I and J, the TFOs 
observed in the investigated sample, were Gram(-) thus with an outer membrane 
and a periplasm between that and the cytoplasmic-membrane, yet some of them 
were determined to be definitely Neisser(-), whereas some other were moderately 
Neisser(+) only on their cell walls due probably to stain-positive dense poly-P layers 
associated with their periplasm. These observations were found encouraging to 
assign the TFOs into two different groups (Table 6.11) as TFO1 (being Neisser(+) 
only on their cell walls) and TFO2 (being definitely Neisser(-)). Neisser(+) response 
obtained with the subsequent Gram- and Neisser-staining procedure was weaker 
than that obtained without the Gram-staining and de-staining steps. This was 
attributed to the possibility of the cell wall-associated poly-P being partly dissolved by 
the ethanol applied for de-staining the sample before application of Neisser-staining.  
The dark blue area seen in Figure 6.25, panel I was too dense to differentiate 
whether these were Gram(+) TFOs, or not. Majority of the rod-PAOs were Gram(-), 
but many Gram(+) rods were also detected (Figure 6.25, panel K). Explanation of 
the above findings with respect to biochemical functions needs further investigation 
and left out of the scope of this study. 
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7. CONCLUSIVE REMARKS AND RECOMMENDATIONS 
Scientific research has been intensified on finalizing the construction of the basis of 
the “Aerobic Granular Activated Sludge” process both with respect to engineering 
applications and to microbial characteristics, and also has concentrated on refining 
the aerobic granular biomass applications in relation with specific needs and real-
world demands. The scientific data from these efforts are expected to provide the 
support for establishing the bench-mark for the recently addressed “Aerobic 
Granular Activated Sludge”, which has been evolving into being an emerging and 
promising biological wastewater treatment technology.  
Conclusive remarks derived from results of this current PhD dissertation, with two 
main objectives of (i) evaluation of initiation, formation, and progress of aerobic 
granulation in relation with the hydraulic-pressures and metabolic/kinetic-selection 
pressures applied in two wide-type (ARC_TUM and PRC_TUM) and a bubble-
column reactor (ColPRC_TUM); (ii) evaluating the possibility of sustaining aerobic 
granulation in an Enhanced Biological Phosphorus Removal (EBPR) system, in a 
wide-type SBR (ARC_ITU), can be summarized as follows: 
√ Shear rates originating not only from aeration or gas purging (vSair; superficial up-
flow air or gas velocity), but also from other sources should be taken into 
account, while evaluating the initiation and progress of aerobic granulation. 
√ When applied, shear stress originating from mechanical mixing (vSMix) should be 
calculated and taken into account in the evaluation process. 
√ Hydraulic selection pressures in terms of low settling time (TS), or more correctly 
high settling velocity (vmin), together with a high shear rate, promote initiation, 
formation, and progress of aerobic granulation, as long as extreme conditions are 
avoided. 
√ Metabolic/Kinetic selection pressures support granulation even when the 
dominating factors are the hydraulic-selection related parameters. 
√ In general, in systems where metabolic selection prevails, influence of the 
hydraulic selection pressure on progress of granulation relaxes. However, if the 
hydraulic pressures are at extreme/high levels (i.e., relaxed vmin, but vigorous 
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shear due to mechanical mixing); eventhough the metabolic selection pressures 
function, hydraulic pressures remains to be important for progress and stability of 
the aerobic granulation process. 
√ A vSair value of 1.71 cm/s and a considerably high vmin value of 37.2 cm/min are 
determined to favor initiation and progress of fairly stable aerobic granulation in a 
bubble-column type SBR (HW/D = 10.3). 
√ Granulation starts/becomes visually apparent within 25-30 days upon start-up, in 
SBRs (no matter wide-type or bubble-column SBRs) fed with VFAs (acetate or 
propionate) as the sole C-source and operated under sequential anaerobic/ 
aerobic mode. This time span is longer than those reported (5-15 days) in 
general in aerobic granular biomass literature focusing on C-removal under fully-
aerobic conditions, but is comparable to those reported for SBRs fed under 
sequential anaerobic/aerobic mode, either for EBPR or for C-removal and SND. 
√ In contrast to the cases described for the wide-type reactors, no “extensive 
biomass washout period” or “minimal-biomass-episode” was ever experienced in 
the bubble-column SBR (SBBR), aerobic granulation proceeded in time without 
any instability, after the start-up period the biomass was totally granular at all 
times, the amount of granular biomass maintained in the SBBR was at a 
considerable level (approx. 4000 mg MLSS/L) and settling properties were 
superior (<40-60 mL/g), supernatant was clear at all times, no foaming was 
recorded, and biofilm formation was insignificant. 
√ In summary, the bubble-column SBR (ColPRC_TUM) is determined to be more 
convenient than the wide-type SBRs (ARC_TUM and PRC_TUM) to promote and 
maintain a fairly stable and healthy aerobic granular biomass. The differences 
are due to the level of hydraulic selection pressures, mainly the hydrodynamic 
shear rates (vSMix of 0 cm/s for the bubble-column SBR and 12.0-15.5 cm/s for 
the wide-type SBRs; vSair of 1.71 cm/s for the bubble-column SBR and [0.24 or 
0.49]-1.76 cm/s for the wide-type SBRs) and the settling velocities (vmin of 12.4-
37.2 cm/min for the bubble-column SBR and [1.1 or 3.7]-11.0 cm/min for the 
wide-type SBRs) applied in the systems; the latter significantly influenced by 
reactor geometry (HW/D of 10.3 for the bubble-column SBR and 1.2 for the wide-
type SBRs). 
√ Yet, despite of complete and healthy granulation in the bubble-column SBR (with 
dgra values as high as approx. 8 mm by the end of reactor operation for 124 
days), as well as a high overall COD-removal efficiency of more than 90% at all 
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times, with a mode value of 96%, anaerobic COD-removal efficiencies were at 
low or moderate levels (minimum of 10% and maximum of 85%), indicating that 
proliferation of the microorganisms with the metabolic capability of anaerobic C-
storage (thus slow-growth on intracellular C-storage products at the famine 
phase) was partial. 
√ Overall P-removal efficiency in the SBBR was also at low or moderate levels 
(minimum of 27% and maximum of 77%). Moreover, overall-, anaerobic-, and 
aerobic- COD and P-removal efficiencies revealed that it was not possible to 
attribute the observed anaerobic COD-removal efficiencies only to the anaerobic 
metabolism of the PAOs in the SBBR. Suggestion of presence of some other 
microorganisms consuming propionate anaerobically without causing a variation 
in the bulk liquid ortho-P budget was confirmed to some extent by the results of 
FISH experiments which revealed the presence of a GAO-population together 
with the PAOs in the system. 
√ Based on the experimental data, it was concluded that starting to feed the SBBR 
from reactor bottom instead of liquid surface had a positive influence on progress 
of aerobic granulation in terms of increase in size of granules, but not on P-
removal performance of the system.  
√ The most striking feature of the aerobic granular biomass cultivated in the 
bubble-column reactor was its significantly high resilience to adverse 
environmental impacts, as determined by the rapid and total recovery in 
structural integrity of the granules (max. in 8 days), evolution in granule sizes 
(max. in 8 days), overall %COD removal efficiency (within 8 days), biomass 
production (within 13 days), settleability and compactness (within 2-18 days) after 
an extreme pH dosage incident. Each granule is considered acting as a 
bioreactor itself, housing high amounts of microorganisms at immediate 
proximity, and the compact integral structure of the granules is considered to 
facilitate an efficient way of existence and functioning to all residing organisms, to 
provide extra retention time for the slow-growers, and a safe growth-environment 
and a shelter from adverse external stimuli for most of the inhabitants. The 
findings, revealed both by conventional morphological and biochemical as well as 
molecular data, is considered as the direct experimental evidence of high 
resilience of aerobic granular biomass to detrimental impacts, and supports its 
application as a promising new technology in biological WWT field. 
 383
√ Based on the results of the FISH experiments conducted to monitor microbial 
population shifts among members of the Proteobacterial sub-classes during 
initiation, formation, and progress of aerobic granulation in the wide-type SBRs and 
in the bubble-column reactor, it was concluded that members of the α– and β–
subclasses of Proteobacteria, but not those of the γ–subclass, were selected 
during the aerobic granulation process. 
√ Molecular data from the DGGE application was in line with the data showing the 
state and progress of aerobic granulation in the systems: During evolution of the 
biomass from floccular form (dispersive physiology) to granular state 
(adhesive/aggregative physiology), the microbial community compositions also 
shifted; implying a direct correlation between phenotypic- (granulation) and 
phylogenetic- (identity) community shifts, and underlining the selection of 
phylogenetically different microorganisms with aggregative-preference in the 
process of granulation.  
√ The dilemma of the advantage of bubble-column SBR over wide-type reactors in 
terms of ensuring appropriate hydraulic-selection pressures to initiate and 
promote relatively more stable aerobic granulation, but the disadvantage of low 
anaerobic COD-removal and low EBPR performances obtained in the SBBR was 
resolved via cultivation of an aerobic granular biomass in a wide-type SBR 
(ARC_ITU) with a fairly stable (for more than 245 days) and high EBPR 
performance (over 90%, with a mode of 99%), which also ensured the stability of 
the aerobic granular biomass.  
√ The biomass in the wide-type SBR was a floccular one with acceptable overall 
COD-removal (≥ 80%) and EBPR (≥ 70%) performances for the first 2 month of 
reactor operation. Aerobic granulation in the system was concluded to be first 
triggered physically by occurrence of a one-time extreme shearing incident due to 
the high flow-rate (397 mL/min) of the recycling pump of a respirometer 
connected to the system at Week10, which initially caused the flocks to 
disintegrate. Gradual adjustment of hydraulic selection pressure-related 
parameters (relaxed TS of 15 min and vmin of 2-0.95 cm/min; low and constant 
shear due to aeration; vSair of 0.19 cm/s, but considerable shear due to 
mechanical mixing; vSMix of 8.1-7.6 cm/s) helped transformation of the 
disintegrated flocks into biomass aggregates and young granules, and aerobic 
granulation was further promoted and ensured by applied metabolic selection 
pressures (2 hours of anaerobiosis at the head of the cycle, feeding the system 
continuously at a low feeding rate at the first hour of anaerobiosis, applying 
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acceptable influent COD:P ratios of 15-21.4 mg COD/mg PO4-P, and even as 
high as 32.1) and through a high EBPR performance (over 90% for around 240 
days), which fluctuated for more than 2 months before reaching a steady-state. 
√ The aerobic granular EBPR biomass was totally granular in rare occasions, and 
most of the time was a mixture of granules and nicely settling flocks, yet with 
excellent compactness and settling properties as evident from the SVI values 
being less than 50 mL/g (with a mode value of 30 mL/g), in general (for more 
than 260 days). Moreover and different than the observations in the literature, 
granulation was determined to be dynamic in terms of changes in granule sizes. 
In fact, granules were determined to have a periodical/cyclic growing pattern; 
starting with smaller diameters, growing in size over time to an average diameter 
of 2.37 mm, then continuing to grow and reaching to a maximum diameter (i.e., 5 
mm), then fracturing into smaller granules to start growing in size again. These 
differences in granule characteristics were concluded to be the consequence of 
operating the SBR with SRT values of 7.3-11.4 days (values much lower than 
those given in the literature for C-removing and EBPR systems with aerobic 
granular biomass), and also of high shear rate due to mechanical mixing (vSMix of 
8.1-7.6 cm/s) during 2 hours of anaerobiosis. 
√ For the first 168 days of reactor operation, the metabolic pressure, in terms of 
COD:P ratio, applied in the wide-type SBR to promote growth of PAOs was 15 
mg COD/mg PO4-P (a value positively lower than those reported in the few 
studies on aerobic granular EBPR biomass (i.e., 18.6), and upon initiation of 
granulation in the system, percent of granular biomass continuously increased 
under applied metabolic pressures. On the other hand, increasing the COD:P 
ratios, in other words decreasing the metabolic pressure, after that time point 
(i.e., 30.4 mg COD/mg PO4-P; value higher than those reported in the few studies 
on aerobic granular EBPR biomass), coincided with a disturbance in the 
granulation process, yet the percent of granular biomass increased again and 
stabilized even under decreased metabolic pressure. Moreover, the EBPR 
efficiency of the system was always perfect (average of 96% with a mode value 
of 99%) even under decreased metabolic pressures.  
√ Microbiological data was in line with the biochemical data of the semi-granular 
EBPR biomass: The dominant microorganisms in the microbial community of the 
aerobic granular EBPR biomass were the PAOs with their commonly accepted 
rod-shaped morphologies and with eco-physiological traits of anaerobic/aerobic 
cycling of the intracellular poly-P and PHB pools; typical for the PAO-phenotype. 
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Yet some other morphotypes (i.e., tetrad-forming organisms and coccoid 
clusters) were also present in significant quantities together with the PAOs.  
√ Almost no filaments were present when the system performance was perfect 
(92% overall COD-removal and 99% EBPR efficiencies), but increased number 
of filaments were detected when the anaerobic COD-removal efficiency was low 
(54%), and a considerable amount of acetate (165 mg COD/L) was leaking to the 
aerobic phase. These final observations were concluded as showing the 
importance of absolute elimination of the feast phase to prevent competition 
between the fast-growing filamentous organisms and slow-growing PAOs, and to 
attain structural stability of the granules. 
√ The tetrad-forming organisms detected in considerable quantities in the microbial 
community of the aerobic granular EBPR biomass resembled the GAOs 
morphologically but not phenotypically, especially with respect the eco-
physiological characteristic of anaerobic PHB-storage of the GAO-phenotype. 
Hence, within the framework of this study it was it was decided to address these 
organisms as Tetra Forming Organisms (TFOs) rather than GAOs; a 
nomenclature referring to a morphological differentiation rather than a functional 
categorization dictated by phenotypic traits.  
The following points can be listed as future recommendations for the studies to be 
concluded on aerobic granular biomass and its application in EBPR systems or in 
other lab-, pilot-, or full-scale systems with various treatment objectives: 
√ Use of EPS as an indicative parameter in aerobic granulation studies should be 
revised: the ExoPS and ExoPN parameters are concluded to be successful 
indicative parameters for monitoring and confirming progress of aerobic 
granulation, whereas the EPS-composition, expressed in terms of ExoPS/ExoPN 
ratio, is concluded to be irrelevant and not informative with regard to granulation.  
√ Apparent selection at a phylogenetic level during initiation and progress of 
aerobic granulation and dominance of certain microbial groups/clusters in aerobic 
granular biomass cultivated in the operated systems, as revealed by the 
molecular data attained in this study, calls for further experiments to identify the 
dominating microorganisms in aerobic granular biomass (excising the high-
intensity-bands from DGGE profiles, extracting and sequencing, running 
comparative sequence analyses to determine the phylogenetic relatedness of the 
dominating organisms to known members of the taxa). 
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√ Post-treatment requirements of aerobic granular biomass systems should be 
addressed to determine the overall feasibility of application of such systems in 
full-scale. Post-sedimentation requirements should be determined, since effluent 
stream from such systems usually include suspended solids at levels exceeding 
the discharge limits. Moreover, treatment of surplus sludge from these systems 
should be evaluated, with an emphasis on sludge dewatering processes, since 
the EPS content of aerobic granular biomass can be expected to be high as a 
natural consequence of the granulation process itself, and high EPS 
concentrations are known to create problems in sludge dewatering facilities (i.e., 
belt filters). 
√ Most of the aerobic granular biomass studies are limited to metabolism of soluble 
readily biodegradable C-sources (i.e., acetate, propionate). Further experimental 
studies should be conducted to enlighten the biochemical conversion 
mechanisms involved in metabolism of slowly biodegradable substrates, and 
especially the particulate organic matter, and also to reveal the impact of such 
substrates on the progress and stability of aerobic granulation. 
√ Modeling studies should be conducted, i.e. to resolve the EBPR phenomena in 
aerobic granular systems: overall metabolism of the GAOs and glycogen 
metabolism of the PAOs should be expressed in future models to describe the 
phenomena in EBPR systems being operated under different conditions and 
exhibiting different anaerobic COD-removal and EBPR efficiencies. An amended 
and calibrated model should allow predicting the responses of the systems 
operated with the same COD:P ratio but under different operational conditions, 
as well as those operated with significantly different COD:P ratios but under 
identical operational conditions. Such a model should also allow predicting the 
behavior of the systems with one single set of stoichiometric and kinetic 
constants, even when the operational conditions and/or influent COD:P ratios are 
different. 
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Table A.1: Information on Chemicals, Solutions, or Kits Referred in Chapter 4, 
Sections 4.1, 4.2, and 4.3 
Chemicals or 
Solutions or Kits Information Used for 
Propionic acid Aldrich, 99%, Cat. No: 10.979-7 C-source for PRC_TUM 
and ColPRC_TUM 
Solution A (1 L):        
40 g PO4-P/L +          
40 g NH4-N/L 
136 g K2HPO4,                                 
70 g KH2PO4,                            
152.86 g NH4Cl, all in dI water 
Stock nutrient solution for 
ARC_TUM, PRC_TUM 
and ColPRC_TUM 
Solution B (1 L): 
 
15 g MgSO4.7H20,                           
0.5 g FeSO4.7H20,                          
0.3 g MnSO4.H20,                            
0.5 g ZnSO4.7H20,                        
2.65 g CaCl2.2H20, all in dI water 
Stock minerals solution for 
ARC_TUM, PRC_TUM, 
ColPRC_TUM, and 
ARC_ITU 
Dr. Lange kits (COD) 
 
Dr. Bruno Lange GmbH & Co, 
Düsseldorf, Germany                   
LCK 614 COD: 50-300 mg COD/L; 
LCK 314 COD: 15-150 mg COD /L; 
LCK 414 COD: 5-60 mg COD /L; 
COD measurements: 
ARC_TUM, PRC_TUM, 
ColPRC_TUM 
Dr. Lange kits (PO4-P) Dr. Bruno Lange GmbH & Co, 
Düsseldorf, Germany                   
LCK 350: 2-20 mg PO4-P/L;          
LCK 348: 0.5-5 mg PO4-P/L 
PO4-P measurements: 
ARC_TUM, PRC_TUM, 
ColPRC_TUM 
Phosphate Urea 
Magnesium sulfate 
(PUM) buffer  
2.22% K2HPO4.3H20,                   
0.726% KH2PO4,                       
0.18% Urea,                               
0.02% MgSO4.7H2O,                       
all (w:v) in 1 L pH=7 solution 
Cell surface 
hydrophobicity by MATH 
assay 
DOWEX 50x8  Fluka 44445, from Sigma-Aldrich          
strongly acidic, Na+ form,                
20-50 mesh size 
Extraction of Extracellular 
Polymeric Substances 
(EPS) 
Phosphate Buffer 
Saline (PBS) 
2 mM Na3PO4.12(H2O),                     
4 mM NaH2PO4.(H2O),                     
NaCl, 9 mM,                                      
1 mM KCl, all in 1 L pH=7 solution 
Extraction of Extracellular 
Polymeric Substances 
(EPS) 
Anthrone Spectrum, AN135                       
[9(10-H)-Anthracenone] Reagent 
Total carbohydrates by 
Anthrone method 
Glucose  Sigma G-7528,                                      
D-(+)-Glucose anhydrous 
Total carbohydrates by 
Anthrone method 
Bovine Serum Albumin 
(BSA)  
Sigma-Aldrich; A9647                     
Albumin bovine serum,                
Cohn fraction V 
Proteins by Lowry assay 
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A.1 Emulsification Test during MATH Assay 
Emulsion formation causes a decrease in the number of cells in the liquid phase due 
to adhesion onto and entrapment between the liquid hydrocarbon droplets, thus 
results in overestimation of hydrophobicity determined via MATH assay (Guellil et 
al., 1998). Consequently, a qualitative “emulsification test” was carried out during 
the MATH assay. For that purpose, 1 mL of supernatants spared after the first 
centrifugation of the reactor samples were put into 2 mL snap-cap vials, 0.5 mL n-
hexadecane was added to each aliquot, the vials were incubated at 30oC, for 30 
min, vortexed for 1 min, incubated at room temperature for 15 min, and emulsification 
was observed via rough quantification of droplets, if formed, at the top layer. 
A.2 Total Carbohydrates by Anthrone Method 
The total saccharides moiety in a sample can be estimated by the “anthrone 
method”, which is a simple colorimetric method with relative insensitivity to 
interferences from the other cellular components. The first step in total 
carbohydrates measurement is to hydrolyze the polysaccharides and to dehydrate 
the monomers (digestion with sulfuric acid addition and heat treatment). The 5-
carbon (pentoses) and 6-carbon (hexoses) sugars are converted to furfural and 
hydroxymethylfurfural, respectively. When anthrone (an aromatic compound) is 
used, it reacts with these digestion products to give colored compound (from 
yellowish green to dark green). The amount of total carbohydrates in the sample is 
then estimated via reading the absorbance of the resulting solution against a 
glucose standard curve. 
A.3 Proteins by Lowry Assay 
The “Lowry Assay: Protein by Folin Reaction” (Lowry et al., 1951) has been the 
most widely used method to estimate the amount of proteins (already in solution or 
easily-soluble in dilute alkali) in biological samples (Gerhardt et al., 1994). First the 
proteins are pre-treated with copper ion in alkali solution, and then the aromatic 
amino acids in the treated sample reduce the phosphomolybdatephosphotungstic 
acid present in the Folin Reagent. The end product of this reaction has a blue color. 
The amount of proteins in the sample can be estimated via reading the absorbance 
(at 750 nm) of the end product of the Folin reaction against a standard curve of a 
selected standard protein solution (i.e.; Bovine Serum Albumin -BSA- solution).  
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Table A.2: Recipes for Lowry Assay Proposed by Gerhardt et al. (1994) and Used 
in this Study, as Referred in Chapter 4, Subsection 4.3.5. 
Gerhardt et al. (1994)  This study 
Reagent A  Solution A 
4 g in 1 L 0.1 N NaOH 2.8598 g in 500 mL 0.143 N 
20 g in 1 L 0.1 N Na2CO3 14.3084 g in 500 mL 0.135 N 
Reagent B  Solution B 
0.5g in 100mL 0.02 M  CuSO4.5(H2O) 1.4232 g in 100 mL 0.057 M 
1% (w:v) 0.052M Na2Tartrate -- -- 
  Solution C 
 Na2Tartrate.2(H2O) 2.85299 g in 100 mL 0.124 M 
Reagent C  Lowry Solution 
50 mL Rg.A + 1 mL Rg.B  100+1+1 mL SolA+SolB+SolC 
0.1N 
0.1N 
0.0004M 
0.001M 
NaOH 
Na2CO3 
CuSO4.5(H2O) 
Na2Tartrate.2(H2O)
0.14N 
0.132N 
0.00056M 
0.00121M 
Reagent D  Folin Solution 
1:1 dilution 1 N  5:11 dilution 0.83 N 
     
Reaction recipe: 
0.2 mL sample +1 mL 
ReagentC + 0.1 mL 
ReagentD = 1.3 mL  
0.5 mL sample + 0.7 mL Lowry 
Sol. + 0.1 mL Folin Sol. = 1.3 mL 
   
Amounts in the final reaction volume of 1.3 mL 
0.077 N 
0.077 N 
0.000308 M 
0.00077 M 
0.077 N 
NaOH 
Na2CO3 
CuSO4.5(H2O) 
Na2Tartrate.2(H2O) 
Folin C.Phenol Rg. 
0.074 N 
0.071 N 
0.000302 M 
0.00065 M 
0.064 N 
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Table A.3: Information on Chemicals or Kits Referred in Chapter 4, Section 4.4. 
Chemicals or 
Solutions or Kits Information Used for 
Formaldehyde Sigma, 37% v:v Formaldehyde Solution–Formalin-, F-1635 
Sample fixation prior to FISH 
experiments 
QIAGEN DNeasy Plant 
Mini Kit  QIAGEN, Cat. No. 69104 
Isolation of genomic DNA from 
biomass samples 
Taq DNA polymerase  Invitrogen, Breda,                 The Netherland  PCR amplification 
7 M urea  
UltraPure™, Invitrogen,        
Life Technologies,                
Cat. No: 15505-027 
DGGE: 8% polyacrylamide gel 
(PAG) stock solution with 100% 
denaturation strength 
40% (v:v) formamide Sigma, 200-842-0 Same as above 
40% acrylamide/bis 
solution  
BioRad, 37.5:1 acrylamide/bis,   
Cat. No: 161-014. 
DGGE: 8% PAG stocks with 0% 
and 100% denaturation strength 
Glycerol  Sigma, 200-289-5 Same as above 
TEMED  Invitrogen, Life Technologies,   15524-010 
DGGE: catalyze polymerization 
of PAG working solutions 
Ammonium persulfate  Sigma, 231-786-5 Same as above 
Gelbond® PAG film  Amersham Pharmacia Biotech,   80-1129 
DGGE: physical support for the 
DGGE gel 
 
A.4 Samples for DNA Extraction-PCR Amplification-DGGE 
Mixed liquor samples harvested from biological reactors contain all kinds of 
substances, both originating from the influent (i.e. C-source and nutrients not utilized 
by the biomass, left over micronutrients, salts used in buffers, acids and/or bases 
used for pH adjustment, etc.) and generated during the course of the metabolic 
reactions (i.e. extracellular substances secreted by the biomass, soluble and 
particulate residual organic matter produced during the metabolic activity of the 
microflora, etc.). Some of these substances may cause serious interferences in 
sample preservation and DNA extraction. It is required to eliminate these 
substances, as well as the water, which cause severe problems especially 
Elimination could be achieved via washing the biomass and replacing the water, 
constituting the bulk liquid phase and also present within the flocks and biomass 
aggregates, with an appropriate salt solution. The following procedure was followed 
in this study for the abovementioned purpose. 
Three aliquots were prepared for each biomass sample. For each aliquot, 2 mL of 
biomass (from mixed liquor sample) was transferred, by the help of a 1000 µL 
pipetman, into a 2.2 mL pre-autoclaved snap-cap vial immediately after sampling 
(and homogenization, when applied). The aliquots were centrifuged at 8,000 rpm, 
+4oC, for 5 min (Eppendorf 5417R, Hamburg, Germany). Supernatants were poured 
off and the pellets were washed via adding 1 mL of 85% KCl solution to the pellets, 
vortexing briefly to mix, centrifuging at 8,000 rpm, +4oC, for 5 min, and pouring off 
the supernatants. The pellets were washed twice and the KCl solution remaining 
(20-100 µL) on top of the pellets was pipetted out, prior to labeling the vials and 
preserving the pellets at -20oC, until further analyses. For samples with low MLSS 
content, 1-2 mL of mixed liquor was added on the pellet and centrifuged, before 
proceeding with the washing step.  
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A.5 Sample Fixation prior to FISH 
Both the reagents used for and the temperatures applied during hybridization are 
quite invasive. On the other hand, cells should remain intact in order to get 
meaningful results for accurate evaluation. Another restriction is the accessibility of 
the fluorescently labeled oligonucleotide probes targeting SSU rDNA fragments at 
the cell interior. Thus, biomass samples are needed to be fixed prior to hybridization 
to provide structural integrity, as well as to enhance permeability. Structural integrity 
could be provided via treating the cells with appropriate fixatives like ethanol, 
formaldehyde, paraformaldehyde, etc., which react with cell membrane, bond with 
the membrane-component and fix the pseudo-fluidal structure of the membrane. 
These fixatives also provide cell-membrane permeability for the probes, which is 
required for a successful and unbiased hybridization. The procedure given below 
was followed for fixing the biomass samples harvested from each reactor. For each 
biomass sample, two aliquots were fixed with formaldehyde and another two with 
ethanol.  
For each aliquot, 1 mL of biomass (from mixed liquor sample) was transferred into a 
2.2 mL pre-autoclaved snap-cap vial immediately after sampling. Working under the 
hood, formaldehyde (Table A.3) was diluted (1:4, v:v) with 1x Phosphate-Buffered 
Saline (1xPBS). This diluted formaldehyde was added to the aliquots in 1:1 (v:v) 
proportion to give a final formaldehyde concentration of approximately 4%. The 
samples were vortexed briefly and incubated in dark for fixation, which was carried 
out either for 3.5-4 hours at room temperature, or for overnight at +4oC. After the 
completion of the assigned fixation period, the samples were removed from dark, 
centrifuged at 8,000 rpm, +4oC, for 5 min, and the supernatants were poured off. 1 
mL of 1xPBS was added to each cell pellet, vials were vortexed to mix, centrifuged 
at 8,000 rpm, +4oC, for 5 min, and the supernatants were poured off. Washing the 
cell pellets with 1xPBS was repeated once more and the washed pellets were 
resuspended with 100 µL of 1xPBS via mixing by gentle pipetting. After a brief 
vortexing, 100 µL of suspension from each aliquot was transferred to a pre-
autoclaved 1.5 mL snap cap vial. Absolute ethanol was added to each sample in 1:1 
(v:v) proportion (addition of 100 µL absolute ethanol) for sample preservation. Fixed, 
washed, resuspended, and ethanol-preserved samples were refrigerated at -20oC, 
until proceeding with hybridization. 
For fixation with ethanol, addition of 1:1 diluted formaldehyde was replaced by 
addition of 1:1 (v:v) absolute ethanol and no washing with PBS was applied. Fixation 
time was 20 min, instead of 3.5-4 hours. The rest of the procedure was the same.  
A.6 Isolation of DNA from Biomass Samples 
QIAGEN DNeasy Plant Mini Kit (Cat. No. 69104) was selected to proceed with 
isolation of DNA from a total of 50 biomass samples harvested from the SBRs. As 
the first step of the procedure, 200 µL of KCl-washed biomass pellets were 
resuspended with 100 µL of 1xPBS. The cells were lysed by adding lysis buffer, 
containing detergent for cell lysis, adding ribonuclease A for digesting the RNA in 
the samples, vortexing vigorously for mechanical disruption, and incubating at 
+65oC, for 10 min, in a water-bath (Unitek HB-130). Detergents, proteins, and 
polysaccharides in the lysates were salt precipitated on ice. Lysates were loaded on 
spin columns and centrifuged at 14,000 rpm (20,800 xg) (Eppendorf 5417R, 
Hamburg, Germany) for 2 min, to eliminate cell debris and precipitates from the 
samples. Spin column flow-through fractions were transferred to new vials, binding 
buffer, containing guanidine hydrochloride and ethanol, were added to cleared 
lysates to help binding of DNA to the capturing membranes present at the bottom of 
new spin columns. Loading on spin columns and briefly centrifuging at 8,000xg were 
repeated several times to get all the lysates pass through the columns and then the 
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flow-through fractions were discarded. The silica-gel based membranes, where the 
DNAs were bound to, were washed twice with washing buffer containing ethanol, to 
eliminate any remaining proteins and polysaccharides. After drying the membranes 
by adding wash buffer and centrifuging at 14,000 rpm (20,800xg), the isolated and 
purified DNAs were eluted in 100 µL of a low-salt buffer via centrifuging at 8,000xg. 
To increase DNA yield, elution step was repeated once more, resulting in a final 
volume of 200 µL. The DNA extracts were kept at -20oC until proceeding with the 
PCR amplification. 
Table A.4: Recipe for the PCR Reaction Mixture and Function of Each Component 
Master Mix Units V / Rx Function 
10x PCR Buffer 10x 5 µL Keeping the master mix at a pH 
convenient for PCR 
MgCl2 50 mM 3 µL  
Mix dNTPs 10 mM (each) 1 µL Providing both the energy and 
nucleosides (from dATP, dTTP, 
dCTP, dGTP) for DNA synthesis 
Forward Primer 10 mM 1 µL 
Reverse Primer 10 mM 1 µL 
Oligonucleotides (F-primer or R-
primer) binding to the anti-sense or 
sense strands of the template DNA, 
allowing Taq polymerase to 
function 
Taq DNA 
Polymerase 
5 units/µL 0.5 µL Heat stable enzyme catalyzing the 
incorporation of the deoxy-
nucleotides 
Nuclease free ddI 
Water 
- 36.5 µL Adjusting the reaction volume to a 
final value of 50 µL 
Template DNA <1 µg/Rx 2 µL Providing template sense and 
anti-sense strands to be amplified
Total Volume (V)  50 µL  
 
Table A.5: Temperature Program of the Thermocycler 
 Reaction Temperature Duration 
 Denaturation +94oC 5 min 
Denaturation +94oC 30 s 
Primer Annealing +56oC 1 min 
30
 c
yc
le
s 
of
 
DNA Extension +68oC 1 min 
 Final Extension +68oC 7 min 
 Cool Down +4oC immediately 
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Table A.6: Features of the Group-Specific Probes (Loy et al., 2002) 
Probe Sensitivitya (%) Specificityb Total Coverage (%) Target Group 
EUB338 90.4 0 
EUB338-II 0.8 0 
EUB338-III 0.6 0 
91.8 Domain Bacteria 
EUK309 N.A. N.A. N.A. 
EUK1195 N.A. N.A. N.A. 
EUK1379 N.A. N.A. N.A. 
Domain Eukarya 
ALF1b 37.6 1,105 N.A. α-Proteobacteria 
BET42a 92.6 22c 92.6 β-Proteobacteria 
GAM42a 90.8 45c 90.8 γ-Proteobacteria 
a Percent of target sequences having not more than 0.4 weighted mismatches. 
b Number of non-target sequences having up to 0.4 weighted mismatches. 
c Probe specificity is improved by addition of a competitor oligonucleotide. 
N.A. Not available in the ProbeBase web-site (http://www.probeBase.net, Loy et al., 2003). 
A.7 Preparation of the FISH Slides 
The first step of the FISH procedure was the preparation of the slides. It was 
necessary to coat the FISH slides with gelatin to provide a binding surface on the 
wells of the slides, thus to prevent leakage of the liquids (sample, hybridization 
buffer, wash buffer, etc.) from the wells during the experiments. For that purpose, 
FISH slides with either 6 or 10 wells (Teflon coated slides Superior, Co. Paul 
Marienfeld, 6 wells with 8 mm diameter or 10 wells with 6 mm in diameter, Bad 
Mergentheim) were first washed with soapy water, rinsed with tap water, dipped into 
70% ethanol solution for 1 min, and let air dry under hood. Cleaned and dried slides 
were then coated with gelatin by dipping them in warm (50 to 70oC) solution of 0.1% 
gelatin (w:v) and 0.01% chromium potassium sulfate (w:v). Gelatin-coated slides 
were let air dry under hood at a vertical position. 
A.8 Immobilization of the Samples for FISH Experiments 
The second step was the immobilization of the fixed samples on FISH slides. The 
amount of biomass, thus the number of cells at each well, was a critical parameter 
influencing the success of hybridization (probe accessibility, etc.) and visualization 
of the results (clustered or individual cells at each inspection pane). Thus keeping 
the sample loading volume at 10 µL/well for all experiments (optimum range was 5-
20 µL/well for the slides used), the formaldehyde or ethanol fixed biomass samples, 
as well as the fixed pure cultures used as positive or negative controls, were 
thawed, briefly vortexed, and resuspended-diluted with pre-autoclaved ddI water. 
Inoculum samples were diluted at least 10x. Dilution factor for the reactor samples 
ranged from 4x to 16x, in accordance with the measured biomass concentrations. 
After loading the diluted fixed samples on the wells, the slides were let air-dry for 10 
min at room temperature under the hood, and heat-dried for another 10 min in the 
hybridization oven at +46oC. Then the samples were dehydrated by successive 
passage through 50%, 80%, and 98% ethanol baths (3 min each) under the hood. 
Immobilization and dehydration were finalized by drying the slides either under the 
hood at room temperature or in the hybridization oven at +46oC.  
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A.9 Preparation of the FISH Buffers 
The third step for FISH was the preparation of the hybridization buffer, wash buffer, 
and humidity chamber buffer. The most important parameter for the composition of 
the hybridization buffer is the amount of formamide, which is the agent dictating the 
stringency of the FISH experiment. Formamide concentration, thus hybridization 
stringency is probe-specific, and for each oligonucleotide probe, there is a certain 
value at which hybridization stringency is maximized. When the objective is to run 
dual- or triple-hybridizations, that is to employ simultaneous hybridizations with two 
or three different probes, it is crucial to determine a formamide concentration 
optimum for all the probes to be used, yet providing maximum stringency for the 
hybridization reaction carried out with the probe targeting the lowest taxa. 
Considering that the probes targeting the lowest taxa in this study were the ones 
specific for the PAO- and GAO-clusters (Table 4.4), a formamide concentration of 
35% was applied in all hybridization experiments. The recipes for hybridization 
buffer with 35% formamide, the corresponding wash buffer, and the humidity 
chamber buffer are given in Table A.7. Apparently, composition of the wash buffer 
differed from that of the hybridization buffer in two points: in the wash buffer, NaCl 
concentration was much lower and formamide was replaced with EDTA.  
Table A.7: Recipes for the Buffers Used for All FISH Experiments 
HBa,b,c WBa,b,c HCBa,b,c
Reagents Amount 
35% FAa 0% FAa 0% FAa
5 M NaCl 29.2% (w:v) 360 µL 28 µL 9 mL
1 M Tris HCl, pH8d 15.8% (w:v) 40 µL 40 µL 1 mL
Sterile ddI water  900 µL 1910 µL 40 mL
Formamide  700 µL - -
0.5 M EDTA pH8d 18.6% (w:v) - 20 µL -
10% SDSb 10% (w:v) 2 µL 2 µL 50 µL
Total volume  2 mL 2 mL 50 mL
a HB: Hybridization Buffer; WB: Wash Buffer; HCB: Humidity Chamber Buffer; FA: Formamide. 
b The buffers, including all ingredients but 10% SDS, were autoclaved. 10% SDS was added 
after the autoclaved solutions were cooled down to room temperature.  
c 2 mL Hybridization Buffer is enough for 250 reactions, 25 slides (80µL/10 wells/slide). 2 mL 
Wash Buffer is enough for 100 reactions, 10 slides (200 µL/10 wells/slide). 50 mL Humidity 
Chamber Buffer is enough for 10-20 slides. 
d pH was adjusted to 8 with KOH or NaOH solutions. 
Since both hybridization and washing steps were employed at relatively high 
temperatures (+46 and +48oC, respectively), providing a closed and humid 
environment was crucial to prevent total dry-out. The procedure followed to create 
these conditions is described below. It was possible to use hybridization buffer to 
provide the desired humidity, though since it contained formamide, which is 
extremely harmful due to its carcinogenic nature, it was preferred to use a buffer 
(humidity chamber buffer) without formamide but with the salt concentrations same 
as of the hybridization buffer, thus introducing no significant bias in terms of ionic 
strength during evaporation-condensation reactions likely to take place inside the 
humidity chamber. 
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A.10 Hybridization, Washing, and Preservation Steps 
A humidity chamber was prepared by taking, either a piece of KimWipe or paper 
towel, placing it inside a 50 mL Falcon tube or a regular microwave-durable box, and 
moisturizing it with sufficient amount of humidity-chamber-buffer. The humidity 
chamber was closed and put into the hybridization oven heated to +46oC, to 
stabilize the chamber’s atmosphere in terms of temperature and humidity (at least 
10 min prior to the start of hybridization). This way, hybridization at +46oC was 
ensured to start immediately after placement of the loaded slides into the chamber. 
Meanwhile, SSU or LSU rRNA targeting fluorescently labeled oligonucleotide probes 
were taken out from -80oC freezer and thawed on ice, keeping them in dark to 
prevent fading of the fluorescent tags. For most of the probes selected for this study, 
a loading value of 1 µL of 25-50 ng/µL per reaction was given in the literature 
(Kawaharasaki et al., 1999; Bond et al. 1999; Crocetti et al., 2000). Thus the probes, 
purchased as stock solutions with different concentrations (MWG-Biotech AG), were 
diluted with sterile ddI water to obtain working dilutions with a fixed concentration of 
50 ng/µL. The list of probes and the recipe for their working dilutions are given in 
Table A.8. 
Table A.8: FISH Probes and Recipes for 50 µL of 50 ng/µL Working Dilutions 
Mixa Probeb V stock (µL) V ddI water (µL) 
EUB338-Cy3 1.1 49.0 
EUB338-II-Cy3 1.7 48.5 
E
U
B
M
ix
-
C
y3
 
EUB338-III-Cy3 2.3 47.5 
EUB338-Cy5 2.1 48.0 
EUB338-II-Cy5 1.6 48.5 
E
U
B
M
ix
-
C
y5
 
EUB338-III-Cy5 14.0 36.0 
EUK309-Cy3 7.0 43.0 
EUK1195-Cy3 2.0 48.0 
E
U
K
M
ix
-
C
y3
 
EUK1379-Cy3 2.9 47.0 
 ALF1b-Cy3 4.7 45.0 
 BET42a-Cy3 1.8 48.0 
 BET42a-UL 0.6 49.5 
 GAM42a-Cy3 0.6 49.5 
 GAM42a-UL 0.4 49.5 
PAO462-Cy3 8.3 41.5 
PAO651-Cy3 1.2 49.0 
P
AO
M
ix
-
C
y3
 
PAO846-Cy3 1.5 48.5 
 GAOQ989-Cy3 2.3 47.5 
 GAOQ431-Fluos 2.6 47.5 
a Probe mixtures were prepared by combining equal volumes of 50ng/µL working dilutions of 
individual probes of each to increase coverage. b Probes were purchased either unlabeled 
(UL) or in fluorescently-labeled form. Cy3 and Cy5: hydrophilic sulpho-indocyanine dyes; 
Fluos (Fluorescein): 5(6) carboxyfluorescein-N-hydroxysuccinimide ester). 
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Holding the pipetman with a minimum angle, 8 µL of hybridization buffer was 
pipetted slowly to each well of the FISH slides, where the samples were immobilized 
previously. The buffer was spread gently by the help of the pipette tip without 
scratching the gelatin coated slide surface. With the same manner, 1 µL of probe 
was pipetted and gently mixed with the hybridization buffer on the wells. The loaded 
slides were placed inside the ready-to-use humidity chamber and hybridization was 
performed in the hybridization oven at +46oC for 1.5 hours. Then the slides were 
taken out, 2 µL of 70 ng/µL DAPI solution was added to each well for counter-
staining, and the slides were incubated for another 20 min at +46oC, resulting in a 
total hybridization time of 2 hours (considering 10 min for sample handling). 
Meanwhile the wash buffer was also put into the hybridization oven to warm up.  
Next, the hybridization buffer on the wells was wasted and the wells were rinsed 
gently with ddI water. 20 µL of wash buffer was added to each well and the slides, 
placed inside the humidity chamber, were incubated this time at +48oC, for 20 min. 
Washing procedure was ended by wasting the wash buffer and rinsing the wells 
gently with ddI water, avoiding the removal of samples from the wells. The slides 
were then air-dried under the hood, at room temperature, keeping them in dark at all 
the times. By the end of the hybridization, washing, and drying steps, sufficient 
amount (approx. 10 µL/well) of an anti-fading agent (Citiflour), was added to the 
wells to help decrease fading of fluorescent dyes, the slides were covered with 
cover slips, and the samples were preserved at -20oC, in dark, until analyses with 
CLSM.  
A.11 Dual- or Triple-Hybridizations 
All whole-cell hybridization experiments were executed at least as dual 
hybridizations, during which EUB338Mix probe, usually labeled with Cy5, was used 
together with either a sub-class- or a cluster-specific probe, labeled with another 
fluorochrome (Cy3 most of the time). Together with DAPI-staining, this was required 
for quantification purposes. The PAOs and the GAOs targeted with the PAO-specific 
and GAO-specific probes used in this study were determined to belong to the β- and 
γ-subclasses of Proteobacteria, respectively (Crocetti et al., 2000 and 2002). Hence, 
during some diagnostic experiments, BET42a-Cy5 was used together with PAO651-
Cy3 to confirm that the cells hybridized with PAO651 probe were also giving signals 
with BET42a probe. Likewise, GAM42a-Cy3 was used together with GAOQ431-
Fluos. Some diagnostic experiments were carried out as triple hybridizations, at 
which probes labeled with Cy5, Cy3, and Fluos were used to identify and visualize 
different organisms at a single reaction. A template sheet for dual- or triple-
hybridizations can be seen in Figure A.1.  
A.12 Control Reactions in FISH Experiments 
The first control was the “auto-fluorescence check”, which was carried out for all 
hybridization experiments. For that purpose, a blank was prepared for each biomass 
sample and all steps of the procedure given below, excluding the addition of the 
probes but including the addition of DAPI, were applied.  
The second control was the “positive control” reactions employed to check whether 
the purchased PAO-specific and GAO-specific probes were working properly. 
Usually, positive control for a probe is a known pure culture that the probe was 
designed for, or determined to specifically hybridized with. Though, there were no 
unambiguously identified pure cultures of PAOs or GAOs targeted with the 
abovementioned probes by the time of the study (personal communication with the 
designers of the PAO- and GAO-specific probes used in this study). The PAO-
specific probes were originally designed for P-removing clusters cloned from 
biomass samples of several EBPR lab-scale SBRs and that of a full-scale WWTP 
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with a moderate EBPR efficiency (Crocetti et al., 2000), thus it was decided to use 
the EBPR biomass sample, which was collected from a full-scale BNR AS WWTP 
(Abwasserzweckverband München-Ost, Rathausstrasse 4, Poing, Munich, 
Germany), considered to include high amounts of PAOs, and added to the SBRs in 
this study on Day86_47, as the positive control for the probes PAO462, PAO651, 
PAO846. Likewise, the GAO-specific probes were originally designed for glycogen-
accumulating clusters cloned from biomass samples of two lab-scale SBRs and a 
full-scale SBR WWTP with anaerobic/aerobic phases, during which the 
microorganisms exhibiting the GAO-phenotype were competing with the PAOs 
(Crocetti et al., 2002). Consequently, the EBPR biomass sample from the full-scale 
treatment plant, as well as a biomass sample from one of the lab-scale reactors, 
operated in this study with sequential anaerobic/aerobic modes, were used as the 
positive controls for the probes GAOQ989, and GAOQ431.  
The third control was for β- and γ-Proteobacteria-specific probes. Since, the 
sequences of BET42a and GAM42a probes differed from each other with only one 
nucleotide (Table 4.4; nucleotide 11 from 5’-end of probe sequence and position 
1037, E.coli numbering, on the target-site), it was recommended in the literature 
(Manz et al., 1992) to improve probe specificity via applying an unlabeled competitor 
oligonucleotide. Thus, in all FISH experiments carried out with Cy3-labeled BET42a 
probe, equal amount of unlabeled GAM42a probe was added, and vice versa.  
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Table B.3: Samples and Probesa used in the Quantitative FISH Experiments 
Reactor Stage Days Sample NOTESb FISH Probesc 
ARC I-I D1 Inoculum 1 A, B, G, PAO, GAO 
 I-I D15 pH control started A, B, G, PAO, GAO 
 I-II D32 1st white baby granules A + B, G + PAO, GAO 
 I-IV D50 8 days after TS decreased to 3 min  A, B, G, PAO, GAO 
 I-V D74 10 days after TS decreased to 1 min A + B, G + PAO, GAO 
 I-VI D86 Addition of EBPR biomass A + B, G + PAO, GAO 
 II-I D92 Almost no biomass A + B, G + PAO, GAO 
 II-II D106 Significant biomass formation started A + B, G + PAO, GAO 
 II-II D127 Yellow granular biomass A, B, G + PAO, GAO 
 II-III D136 Healthy yellowish granules after Qair increased to 1800 L/hr A, B, G, PAO, GAO 
 II-III D148 Granule disintegration and floccular biomass formation after Qair decreased to 500 L/hr 
A, B, G, PAO, GAO 
    
PRC I-I D1 Inoculum 2 (same as ColPRC) A + B, G + PAO, GAO 
 I-I D11 Homogenization started A, B, G, PAO, GAO 
 I-II D35 10 days after TS decreased to 1 min A + B, G + PAO, GAO 
 I-III D47 Addition of EBPR biomass A + B, G + PAO, GAO 
 II-I D55 8 days after addition of EBPR biomass A + B, G + PAO, GAO 
 II-II D67 Floccular biomass + amount decreasing A, B, G + PAO, GAO 
 II-II D75 Slimy, soupy state started  A + B, G + PAO, GAO 
 II-II D88 Almost no biomass (only1-2 hairy-granules) A, B, G + PAO, GAO 
 II-II D97 Granule formation became obvious A, B, G + PAO, GAO 
 II-II D109 SVI decreased from 400 to 100 mL/g A, B, G + PAO, GAO 
ColPRC I D1 Inoculum 2 (same as PRC) A + B, G + PAO, GAO 
 I D11 Homogenization started A, B, G, PAO, GAO 
 II-I D35 5 days after big amorphous granules appeared, 10 days after TS decreased to 1 min A + B, G + PAO, GAO 
 II-I D47 Addition of EBPR biomass A + B, G + PAO, GAO 
 II-I D53 6
th day after addition of EBPR biomass (TS 1 
min, 3 days before changing influent entrance) A + B, G + PAO, GAO 
 II-II D60 Appearance of big granules after changing influent entrance from top to bottom A + B, G + PAO, GAO 
 II-II D67  A, B, G + PAO, GAO 
 II-II D75 Homogenous huge granules A, B, G, PAO, GAO 
 II-II D88 1 day before pH upset, healthy huge granules A, B, G + PAO, GAO 
 II-II D97 Huge healthy granules A, B, G, PAO, GAO 
 II-II D109 Totally granular biomass with huge granules of around 10 mm in diameter A, B, G, PAO, GAO 
a Hybridization with Eub338-Mix and DAPI-staining were used to check total cell counts.  
b Critical observations on biomass are also recorded. 
c Letters A, B, and G are short for probes targeting α-, β-, and γ- subclasses of Proteobacteria. 
PAO and GAO are short for the probes PAO-Mix and GAOQ989. 
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The morphotype chart given below was used as a legend during morphological 
evaluation of the biomass samples collected from ARC_TUM, PRC_TUM, and 
ColPRC_TUM. Morphotype recording was conducted during evaluation of the FISH 
results and “relative scoring” between 1 and 5 (<1: insignificant amount and >5: 
domination) was used to determine the relative abundances of the morphotypes. 
Results are provided below in Tables B.4, B.5, and B.6, with an emphasis on the 
dominant morphotypes detected in the systems at the corresponding time points. 
Morphotype Shape Abbreviation Visual 
RODS Eliptic RE1  
 Fat Eliptic RF  
 Thin Long RT1  
 Thin Short RT2  
 Long Rectengular RR  
 Eliptic, hole at center RE2  
 Irregular RI  
 Rod Cluster RC  
COCCOIDS Small CS  
 Big CB  
 DAPI faint Small CSd  
 DAPI faint Big CBd  
 Diplococcoids CD  
 Clustered small coccoids Bloom1  
 Clustered big coccoids Bloom2  
TETRADS Individual T1  
 Individual-DAPI T2  
 In small Aggregates TA  
 Tetrads clustered TC  
FILAMENTS Beads FB  
 Small Sheets FsS  
 Big Sheets FbS  
 Thin Long FT1  
 Thin Short FT2  
 Thick Long FT3  
 In parallel Fll  
 As a net work Fnet  
Unusuals  U1  
 Big RE1 U2  
 Rubrum U3  
Figure B.4: Morphology chart used as the legend for the morphotype-abundancy 
evaluations summarized in Tables B.4, B.5, and B.6. 
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